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Preface to ”Sustainable Construction II”

Construction is one of the main sectors that generates greenhouse gases. This industry consumes

large amounts of raw materials, such as stone, timber, water, etc. Additionally, infrastructure

should provide service over many years without safety problems. Therefore, their correct design,

construction, maintenance, and dismantling are essential to reducing economic, environmental,

and societal consequences. That is why promoting sustainable construction has recently become

extremely important.

To help address and resolve these types of questions, this book is comprised of five chapters

that explore new ways of reducing the environmental impacts caused by the construction sector, as

well to promote social progress and economic growth. The chapters collect papers included in the

“Sustainable Construction II” Special Issue of the Sustainability journal.

We would like to thank both the MDPI publishing and editorial staff for their excellent work,

as well as the 18 authors who collaborated in its preparation. The papers cover a wide spectrum of

issues related to the use of sustainable materials in construction, the optimization of designs based

on sustainable indicators, the life-cycle assessment, the decision-making processes that integrate

economic, social, and environmental aspects, and the promotion of durable materials that reduce

future maintenance.

Vı́ctor Yepes, José V. Martı́

Editors
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Abstract: Most of the definitions of sustainability include three basic pillars: economic, environmental,
and social. The economic pillar has always been evaluated but not necessarily in the sense of
economic sustainability. On the other hand, the environmental pillar is increasingly being considered,
while the social pillar is weakly developed. Focusing on the environmental and social pillars, the use
of methodologies to allow a wide assessment of these pillars and the integration of the assessment in
a few understandable indicators is crucial. This article is structured into two parts. In the first part,
a review of life cycle impact assessment methods, which allow a comprehensive assessment of the
environmental and social pillars, is carried out. In the second part, a complete environmental and
social sustainability assessment is made using the ecoinvent database and ReCiPe method, for the
environmental pillar, and SOCA database and simple Social Impact Weighting method, for the social
pillar. This methodology was used to compare three optimized bridges: two box-section post-tensioned
concrete road bridges with a variety of initial and maintenance characteristics, and a pre-stressed
concrete precast bridge. The results show that there is a high interrelation between the environmental
and social impact for each life cycle stage.

Keywords: sustainability; LCA; S-LCA; social assessment; ecoinvent; SOCA

1. Introduction

Since its definition in 1987 by the World Commission on Environment and Development [1],
the concept of sustainability has been attracting increasing attention in many sectors of our society.
However, it was not until 2015 that the first set of Sustainable Development Goals was established as
a response to growing social needs and environmental degradation [2].

Despite social assessment being an important part of the sustainability definition, its evaluation is
underestimated or relatively weak with respect to the other pillars of sustainability when sustainability
assessments of products, processes, or services have been carried out [3,4]. Vallance et al. [5] stated that
this is due to the fact that the definition of social sustainability is quite ambiguous, and Murphy [3]
indicated that there are no clear criteria for assessing sustainability. However, social equity, education,
basic health, and participatory democracy are important for sustainability development [6]. At present,
there is a trend toward giving the social pillar the same importance as the economic and environmental
pillars [7–10]. This is demonstrated by the fact that 6 of the 17 sustainable development goals proposed
by the United Nations focus on social problems.

The complex stakeholder situation in construction projects makes performing a social sustainability
assessment difficult [11]. Valdes-Vasquez and Klotz [12] indicated that projects in the construction sector
involve clients, employees, the community, and industry, and have the intention of satisfying current

Sustainability 2020, 12, 4265; doi:10.3390/su12104265 www.mdpi.com/journal/sustainability1
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and future needs. Later, Almahmoud and Doloi [13] stated that the social aspect in the construction
sector can be represented through the satisfaction of the different stakeholders involved in the projects,
including industry, users, and the community. They also indicated that the importance of the impact
of the project for future generations and the impact on present generations through health, safety,
and conditions of workers must be taken into account.

A sustainability assessment becomes a decision-making problem [14–17]. In addition,
this decision-making problem can be assessed taking into account the different perspectives of
the decision-makers reaching robust sustainable solutions [18]. Bridges have been widely investigated
from the technical point of view [19–21]. This provides a great number of different designs of bridges
that engineers must select from a sustainable point of view. Penadés-Plà et al. [22] reviewed the criteria
considered to assess the different pillars of sustainability in bridges, as well as the multi-attribute
decision-making methods used to obtain a global sustainability assessment. This review shows that the
economic pillar is the most developed pillar. Although some early works only studied the initial cost
of the bridge, a life cycle cost assessment (LCCA) is, nowadays, widely used. Conversely, a life cycle
assessment (LCA) is less common. For the environmental part, few studies have applied environmental
life cycle assessments (E-LCAs) to bridges. Horvath and Hendrickson [23] and Widman [24] conducted
the first investigations. Then other works followed. However, most of them did not consider all phases
of the bridge’s life cycle [25,26], or they focused on a limited number of environmental indicators
(usually energy and CO2) [27,28]. It was not before the study by Steele et al. [29] that a full E-LCA
was performed. Pang et al. [30] compared different bridge maintenance operations, and Du et al. [31]
and Hammervold et al. [32] compared several bridge designs. Regarding the social part, there is no
consensus to define the criteria that best represent social life cycle assessment (S-LCA). Some works
have considered criteria as divergent as detour time, dust, or noise [33–35].

In this paper, a bibliographic review of the LCA methods, both environmental and social, will first
be conducted in Section 2. After that, Section 3 explains the methodology used, after discussing the
best methods to assess the social and environmental pillars of bridges. In Section 4, these methods are
used to carry out a sustainability assessment of three road bridges: two box-section road bridges with
different initial and maintenance characteristics, and a pre-stressed concrete precast bridge. Section 5
shows the results of all the pillars of sustainability, focusing on social assessment. As a final point,
conclusions are presented in Section 6.

2. Life Cycle Assessment Methods

To carry out a complete sustainability assessment, it is essential to consider the whole life cycle of
a product, service, or process. This is even more important in the construction sector, because structures
are built to provide a service over a long time, and therefore the assessment of the use and maintenance
stage becomes quite important. For this purpose, a life cycle assessment methodology is used.
At this point, it is necessary to point out that despite the LCA techniques—used to assess both the
environmental and social pillars—having the same central core, there are some differences between
them. For this reason, in this study, the term LCA will be used when referring to the common trunk of
the technique and the terms E-LCA (environmental pillar) and S-LCA (social pillar) are going to be
used for specific assessments.

Focusing on environmental, the ISO 14040 [36] defines LCA as a technique for evaluating the
environmental aspect and impacts caused by a process, product, or service through a system of
input flows (data) that cause output flows (impacts). The most common guide to carry out the social
assessment [37] follows the same steps as this code. ISO 14040 [36] divides the LCA into four phases:

• Goal and scope definition
• Inventory analysis
• Impact assessment
• Interpretation of results

2
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The impact assessment step of the LCA is crucial since the information obtained from the life
cycle inventory is transformed into a set of understandable indicators. Due to the complexity of this
transformation, some methodologies have been developed to simplify this step, called life cycle impact
assessment (LCIA) methods. In this sense, the assessment and comparison between different cases
become easier.

2.1. Environmental Life Cycle Impact Assessment

In the E-LCA, there are two approaches to transform the life cycle inventory into understandable
indicators: the “midpoint approach” and the “endpoint approach”. The midpoint approach refers to
environmental impact, while the endpoint approach refers to environmental damage. The midpoint
approach provides more complete information, and the endpoint approach allows for more concise
information (Figure 1).

Figure 1. Environmental life cycle cost assessment (E-LCA) approaches.

Another way to understand the differences between these two approaches is to consider that the
midpoint approach is the direct cause, while the endpoint approach is the long-term consequence.
For example, any process, product, or service that affects climate change has gas emissions to the
atmosphere that cause several environmental problems such as ozone depletion or global warming
(midpoint approach); in the long-term approach, these gas emissions will cause damage to the
ecosystem, human health, or resources. In this example, ozone depletion can lead to increased skin
cancer problems (endpoint approach).

Table 1 shows the most common methods for each category and the indicators (midpoint indicators
for the midpoint approach and endpoint indicators for the endpoint approach) considered for each
E-LCIA method. Each approach uses different methods to convert environmental information into
comprehensible and understandable indicators. Within midpoint approach methods, the classical
methods are the CML [38], EDIP 2003 [39], and TRACI [40]. These methods provide a set of midpoint
indicators that indicate the direct cause by a process, product, or service. The total number of these
indicators is usually quite high, providing accurate information, but which is sometimes difficult
to interpret. In addition, midpoint indicators are more difficult to understand because they depict
an earlier stage in the cause–effect chain. Endpoint approach methods are damage-oriented methods,
such as the Eco-indicator 99 [41], EPS [42], and eco-scarcity [43]. These methods provide a set of endpoint
indicators that indicate the long-term consequences for a process, product, or service. The number of
these indicators is usually quite small because it is an aggregation of the midpoint indicators. Therefore,
there is a loss of detail and the information is not as accurate as in the case of midpoint methods,
but much easier to interpret. In addition, there is a set of new methods, which combines the methods
of midpoint and endpoint approaches, such as the ReCiPe [44,45], LIME [46], and IMPACT 2008 [47].

3
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2.2. Social Life Cycle Impact Assessment

The social pillar of sustainability is the least studied and probably the most diffuse and weakest
pillar of sustainability. However, for a complete sustainability assessment, it is necessary to obtain
a complete set of social indicators that can be used to carry out an accurate comparison and assessment
of alternatives. Currently, a simple Social Impact Weighting Method is used to convert the life
cycle inventory into understandable indicators. However, there are two important social databases:
PSILCA (Product Social Impact Life Cycle Assessment) [48] and SHDB (Social Hotspots Database) [49].
Both S-LCIA databases are inspired by UNEP/SETAC guidance [37] and use the activity variable
“worker hour” in order to quantify the social impacts. Table 2 shows existing and planned categories of
both methods grouped by stakeholders for the PSILCA database [50] and for the SHDB database [51].
However, the number of categories is lower nowadays.

Table 2. Social life cycle impact assessment (S-LCIA) categories.

S-LCIA Database CATEGORIES

Product Social Impact Life Cycle
Assessment (PSILCA)

WORKERS: Child labor, fair salary, discrimination, forced labor, health
and safety, social benefits and legal issues, working time, workers’ rights.
VALUE CHAIN ACTORS: Corruption, promoting social responsibility,
fair competition, supplier relationships.
SOCIETY: Contribution to economic development, health and safety,
prevention and mitigation of conflicts.
LOCAL COMMUNITY: Access to material resources, respect of
indigenous rights, local employment, safe and healthy living
conditions, migration.
CONSUMERS: Health and safety, transparency, end of life responsibility.

Social Hotspot Database (SHDB)

LABOR RIGHTS AND DECENT WORK: Child labor, discrimination,
excessive working time, freedom of association, forced labor, labor laws,
migrant labor, poverty, social benefits, unemployment, wage assessment.
HUMAN RIGHTS: Indigenous rights, human health issues, gender
equity, high conflicts.
HEALTH AND SAFETY: Injuries and fatalities, toxins and hazards.
GOVERNANCE: Legal system, corruption.
COMMUNITY: Drinking water, children out of school, hospital beds,
sanitation, smallholder vs. commercial farms.

The PSILCA database was developed by GreenDelta and presented in 2013. This database provides
information to carry out the assessment of the social pillar of products, processes, or services for their
whole life cycle. The PSILCA covers 189 individual countries represented by around 15,000 units
classified by entities (i.e., industries and commodities). Currently, there are 54 indicators grouped into
18 categories and 4 affected stakeholders, and it is expected to reach 88 indicators [50].

The SHDB database is a project, which was developed by New Earth in 2009 and published in
2013. The project seeks to provide in-depth information on human rights and working conditions along
supply chains, to assess risks and provide methods to calculate social footprints. This database covers
113 individual countries represented by around 6500 units classified by entities (i.e., industries and
commodities). Currently, there are over 157 indicators grouped into 26 themes and 5 big groups [51].

3. Methodology

Section 2 reviews the most important methodologies used to carry out a complete E-LCA and
S-LCA. Although E-LCA is a methodology that is increasingly being implemented, the bibliographic
review shows that only a few works have applied E-LCIA methods to evaluate the environmental pillar
of sustainability in bridges. These works only use three different E-LCIA methods: CML 2000
(midpoint approach) [52–54], EI99 (endpoint approach) [29], and ReCiPe (midpoint/endpoint
approach) [10,31,55,56].
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This paper tries to show a methodology to carry out the environmental assessment at all
levels. For this purpose, a midpoint/endpoint approach method is necessary. Among the different
midpoint/endpoint approaches, the ReCiPe [44,45] method is considered an evolution of CML
(midpoint method) and Eco-indicator (endpoint method). The Eco-indicator and CML methods are
currently obsolete and have been substituted with the ReCiPe method that has updated characterization
and weight factors.

The midpoint approach of the ReCiPe method groups the results into 18 midpoint impact
categories, measuring each according to its respective units: agricultural land occupation (ALO), climate
change (GWP), fossil depletion (FD), freshwater eutrophication (FEP), freshwater ecotoxicity (FEPT),
human toxicity (HTP), ionizing radiation (IRP), marine ecotoxicity (MEPT), marine eutrophication
(MEP), particulate matter formation (PMF), metal depletion (MD), natural land transformation
(NLT), ozone depletion (OD), photochemical oxidant formation (POFP), terrestrial acidification
(TAP), terrestrial ecotoxicity (TEPT), urban land occupation (ULO), and water depletion (WD).
These environmental midpoint impact categories have a high level of detail, providing accurate results,
although they are more difficult to interpret. The endpoint approach of the ReCiPe method integrates
several midpoint impact categories into three endpoint areas of protection: human health (HH),
ecosystems (E), and resource availability (R). These endpoint areas of protection have the advantage of
being easier to interpret and understand. However, the uncertainty of these results increases due to the
high level of aggregation of them. In order to integrate all environmental midpoint impact categories
into an overall score, the E-LCIA results are normalized under the use of the ReCiPe normalization
factors with respect to Europe per capita emissions [44,57]. In this way, a global score of the total
environmental impact caused by the bridge throughout all of its life cycle can be obtained. This overall
score is measured in points. In addition, in order to include the long-term perspective of environmental
impacts, the hierarchical perspective was used, due to the inclusion of recycling and the subsequent
use of steel and concrete for other purposes after the end of the useful life of the structure.

Regarding the S-LCA, although some authors have stated that this methodology is important [3],
it is rarely studied, and even less so in the construction sector. The bibliographic review did not find
studies that have used the PSILCA or SHDB databases to assess the social pillar of sustainability.
This work considers the PSILCA database because it has the most updated available data source,
transparent documentation of original data sources, and risk assessment, and provides data quality
assessment. In addition, the social information from the PSILCA database can be associated with the
processes of the ecoinvent database by the means of an add-on called SOCA developed by Green Delta.
In this way, the social assessment can be carried out using the same processes as the environmental
assessment, giving coherence to the overall assessment. The SOCA database uses the first version of
PSILCA, and provides 54 quantitative and qualitative indicators addressing 18 categories and 4 affected
stakeholder groups [48]. In this way, the final indicators of the environmental and social pillars
broadly represent the assessment of these pillars, as these indicators group all the information from
the databases into the indicators described. In addition, both environmental and social evaluations
are carried out using the open source life cycle assessment OpenLCA software. Figure 2 shows the
methodology used in this work. To reduce the number of outputs, the endpoint approach of ReCiPe is
used to assess the environmental pillar of sustainability, and the indicators provided by the SOCA
database are grouped into the four stakeholders represented.
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Figure 2. Methodology used in this work.

4. Case Study

4.1. Goal and Scope

The present work aims to provide a comparative life cycle assessment of three alternative concrete
bridge designs, from the social and the environmental perspectives. The results of such an approach
shall provide valuable information regarding the relationship existing between both dimensions when
it comes to the sustainable design of infrastructures. In particular, special emphasis is put on the
assessment of the social impacts derived from the different designs under analysis. The conclusions
drawn from this case study aim to contribute to the existing knowledge on the social consequences of
transport infrastructures.

4.1.1. Functional Unit

Three optimized bridges are analyzed: two box-section post-tensioned concrete road bridges
that have different initial and maintenance characteristics, and a pre-stressed concrete precast
bridge. These bridges have a width of 12 m and are situated in a seaside region of eastern Spain,
whose environment is classified as XC-4 according to EN 206-1 [58]. Therefore, corrosion is mostly due to
carbonation and these bridges are subject to the same environmental and traffic conditions. In addition,
they have the same width and similar lengths. Therefore, the bridges can be considered equivalent.

The box-section post-tensioned concrete road bridges have a continuous span of 35.2 m, 44 m,
and 35.2 m. The first bridge (or alternative A1) was constructed using 50 MPa of concrete and requires
one maintenance period, while the second bridge (or alternative A2) was constructed using 35 MPa of
concrete and requires two maintenance periods. These bridges are optimized to meet the codes during
a service life of 150 years. The distances considered for these bridges are 20 km to carry the aggregate
to the concrete plant, 10 km to carry the cement to the concrete plant, 20 km to carry the concrete to the
construction place, and 100 km to carry the steel to the construction place.
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The pre-stressed concrete precast bridge has three spans of 40 m. This bridge (or alternative A3)
was constructed using 35 MPa of concrete in the beams and 40 MPa of concrete in the slab, and requires
one maintenance period. This bridge is optimized to meet the codes during a service life of 120 years.
The distances considered are 50 km to carry the aggregate to the precast concrete plant, 10 km to carry
the cement to the concrete plant, 50 km to carry the precast concrete beams to the construction place,
and 100 km to carry the steel to the construction place. Figure 3 shows the three alternatives considered.
Due to the total length and service life being a bit different among the three alternatives, the functional
unit considered is meter length × year [30,59].

Figure 3. Alternatives.

4.1.2. System Boundaries

The present study considers a “cradle-to-grave” approach, including every relevant manufacturing
process related to both the construction and the maintenance activities of each alternative. Given that
this assessment is intended for comparative purposes, processes assumed to be identical between
alternatives are excluded from the evaluation, following the cut-off criterion established in ISO 14044.
This approach has been widely considered in recent comparative life cycle assessments [10,60].

The environmental pillar of the two box-section post-tensioned concrete road bridges have already
been assessed by Penadés-Plà et al. [55], and the pre-stressed concrete precast bridge was evaluated by
Penadés-Plà et al. [56]. These previous works show the flowchart of the different processes considered
in this study. In this work, the social pillar is also considered to obtain a complete life cycle assessment.

4.2. Inventory Analysis

Table 3 shows the quantity of material per 1 m2 of bridge and the dosage required to manufacture
1 m3 of concrete according to the concrete strength level. The concrete manufacturing residues are
as indicated by Marceau et al. [61]. Reinforced steel is achieved as a mix of the different methods of
steel production in accordance with the place of the study. In Spain, the electric arc furnace process
manufactures about 67% of steel, while the basic oxygen furnace process manufactures the other 33%
of steel. Taking the same steel recycled ratio for each process as in ecoinvent (100% in the electric
arc furnace process and 19% in the basic oxygen furnace process), the steel recycled ratio obtained is
71%. These amounts of materials have been obtained from the design of the bridges which follow
the Spanish codes for this structure type [62,63], as also the Eurocodes [64,65]. The serviceability and
ultimate limit states of compression and tension stress, punching shear, vertical shear, longitudinal
shear, torsion, torsion combined with bending and shear, bending, vibration, and cracking have been
checked. Furthermore, the geometrical and constructability requirements have been verified.

The construction is organized in this manner: the concrete box girder road bridges prestressed
with post-tensioning tendons and the slab of the pre-stressed concrete precast bridge is supposed to be
cast in place. Afterward, the beams of the pre-stressed concrete precast bridge are transported to the
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construction site with special transport and lifted and positioned using tower cranes. Furthermore,
the heavy machinery taken into consideration in this section were classified into two categories:
the concrete machinery and post-tensioned steel handlings. The quantity of CO2 emissions and energy
for each category was taken from the BEDEC database [66]. In addition, the concrete needs to be
handled by heavy equipment that generates 32.24 kg of CO2 and requires 123.42 MJ of energy per m3

of concrete produced. Additionally, the machinery for the production of active reinforcement emits
2.62 kg of CO2 and consumes 10.2 MJ of energy for each kg of active steel. Finally, the formwork taken
into account in this study is made of wood and reusable thrice.

Table 3. Amount of materials.

A1 A2
A3

Precast Concrete Beam Concrete Slab

Strength (MPa) 50 35 35 40
Passive steel (kg/m2) 74.67 66.89 12.52 23.92
Active steel (kg/m2) 19.8 21.98 10.53 –
Concrete (m3/m2) 0.67 0.674 0.1117 0.1797
Cement (kg/m3) 400 300 300 320
Gravel (kg/m3) 726 848 848 829
Sand (kg/m3) 1136 1088 1088 1102
Water (kg/m3) 160 160 160 162

Superplasticizer (kg/m3) 7 4 4 5

For each rehabilitation period, maintenance interventions and infrastructure closures are the same.
Hence, the different strategies differ in the number of maintenance periods necessary. Each period
of rehabilitation, whose duration is 7 days, involves the removal of the deteriorated concrete surface
and its substitution with repair mortar. Furthermore, the traffic detour was quantified considering the
percentage of trucks (12%) of the average daily traffic, equal to 8500 vehicles/day, and computing a detour
distance of 2.9 km. The process of concrete rehabilitation consists of several phases. First, the deteriorated
concrete cover is removed through water blasting. Secondly, by applying an adhesion coating,
an appropriate surface for the correct adherence of the new concrete cover is obtained. To conclude,
the concrete cover is built by casting the repair mortar. The aforementioned activities are performed
by employing a truck-mounted platform [67]. As explained above, the estimation of energy and CO2

emissions associated with the use of the machinery was acquired from the BEDEC database [66] and
amounts to 584.28 MJ and 46.58 CO2 for each m2 repaired per maintenance period. Lastly, fixed CO2

during the entire service life is taken into consideration [68].
The end of life includes the equipment used for the demolition of the bridge and the management

of the materials. In this work, the ratio of recycled steel considered is 71% and all the concrete is
crushed and disposed of in a landfill. The crushed concrete is supposed to be completely carbonated,
and the ratio of recycled steel considered in the manufacturing phase corresponds to that of the end of
life phase. Thus, the life cycle of the bridge is closed.

4.3. Impact Assessment

Environmental and social dimensions of sustainability are considered to carry out a complete
life cycle assessment: the environmental dimension was evaluated using the ReCiPe method and the
ecoinvent database, and the social dimension is assessed by means of the Social Impact Weighting
Method and the SOCA database. Due to the large number of indicators in the environmental and social
dimensions, this study aims to obtain a smaller number of indicators so that results are understandable
and complete for these dimensions. For this purpose, the environmental assessment is made according
to the endpoint areas of protection of the endpoint approach of the ReCiPe method, and stakeholders
made the social assessment.
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The endpoint areas of protection obtained by the endpoint approach of the ReCiPe method that
represent the environmental dimension are the ecosystems (E), resources (R), and human health (HH).
In addition, the four obtained by the SOCA method that represent the social dimension are workers (W),
local communities (LC), society (S), and value chain actors (VCA). Such stakeholders are in accordance
with those suggested in the Guidelines [37] and are considered representative of the social context of
the Spanish region where the structures under analysis are located.

The weighting step of the impact assessment is considered essential when it comes to the holistic
evaluation of the sustainability performance of products. However, subjective weighting may lead to
jeopardized solutions that might result in inappropriate solutions [69]. This is particularly relevant
when it comes to decision making in the field of sustainability, where the complex relations between
criteria are usually in conflict. Consequently, great efforts have been applied in recent times to study the
influence of such subjectivity in decision-making processes related to sustainable designs in the field of
construction [70–72]. As stated above, the scope of the present work is to draw objective conclusions
regarding the environmental and social perspectives of infrastructure design. As a consequence, and
given that this study is not intended to provide a decision, but to assess the relations existing between
the abovementioned dimensions, the different indicators have been considered equally important.
Such an approach has been proved to be consistent when assessing the social impacts related to the
design of concrete bridge decks [8]. In this way, the subjective assignment of weights is avoided.

5. Results and Discussion

Tables 4–6 show the environmental and social impacts on sustainability for the alternatives A1,
A2, and A3, respectively. These tables show the environmental and social impact for each life cycle
stage. Here, impacts have been grouped into four stages: impacts related to the manufacturing of the
materials required for the construction of the alternatives, including every extraction activity of raw
materials and production of the final construction materials, as well as the transport activities from the
production facilities to the installation site. Impact results included under the “construction” category
consider those related to the machinery involved in construction activities and in the production of
auxiliary elements, such as formwork panels. The impacts related to the production of construction
materials, as well as to the energy consumption and transport associated with construction activities
related to maintenance have been summarized as “use and maintenance”. Finally, the results under
“EoL” include the impacts associated with the recycling of materials.

Table 4. Sustainability assessment of A1.

Assessment Unit Manufacturing Construction Use and Maintenance EoL Total

Environmental

HH p 1.33 0.30 0.42 −0.20 1.86
R p 1.05 0.10 0.36 0.02 1.53
E p 0.69 0.26 0.18 −0.13 1.01

Total 4.40

Social

W mrh 227.17 20.27 57.87 2.25 307.56
LC mrh 273.58 22.03 71.49 2.54 369.65
S mrh 320.67 25.05 79.56 2.98 428.26

VCA mrh 199.67 14.09 56.44 1.90 272.11

Total 1377.58

Note: p—points, mrh—med risk hour, E—ecosystems, R—resources, HH—human health, W—workers, LC—local
communities, S—society, VCA—value chain actors, EoL—impacts associated with the recycling of materials.
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Table 5. Sustainability assessment of A2.

Assessment Unit Manufacturing Construction Use and Maintenance EoL Total

Environmental

HH p 1.13 0.32 0.86 −0.15 2.16
R p 0.93 0.11 0.72 0.01 1.77
E p 0.57 0.28 0.31 −0.10 1.06

Total 4.98

Social

W mrh 197.63 20.68 115.75 2.26 336.31
LC mrh 238.77 22.36 142.98 2.55 406.67
S mrh 285.49 25.42 159.12 3.00 473.02

VCA mrh 174.01 14.34 112.87 1.91 303.14

Total 1519.14

Note: p—points, mrh—med risk hour, E—ecosystems, R—resources, HH—human health, W—workers, LC—local
communities, S—society, VCA—value chain actors, EoL—impacts associated with the recycling of materials.

Table 6. Sustainability assessment of A3.

Assessment Unit Manufacturing Construction Use and Maintenance EoL Total

Environmental

HH p 0.74 0.08 0.56 0.00 1.38
R p 0.64 0.05 0.46 0.03 1.17
E p 0.36 0.04 0.23 −0.01 0.63

Total 3.19

Social

W mrh 124.88 4.02 82.27 2.81 213.97
LC mrh 151.20 5.08 101.62 3.44 261.34
S mrh 182.92 5.93 113.08 4.05 305.98

VCA mrh 109.66 4.11 80.22 2.73 196.72

Total 978.02

Note: p—points, mrh—med risk hour, E—ecosystems, R—resources, HH—human health, W—workers, LC—local
communities, S—society, VCA—value chain actors, EoL—impacts associated with the recycling of materials.

In general, the manufacturing phase is the life cycle stage with the highest impact in every
alternative. A3 has the lowest impact for all the indicators. However, A1 has a lower impact in the
use and maintenance and end-of-life phases. This is because A1 requires one maintenance period
for 150 years of service life, while A2 requires two maintenance periods for the same service life
and A3 requires one maintenance period for 120 years of service life. Therefore, A1 has the lowest
ratio between maintenance days and service life. Similar trends were recently observed by Tait and
Cheung [73] and García-Segura et al. [71], who concluded that, in general, sustainable solutions based
on the use of conventional construction materials should focus on reducing the maintenance needs
of the designs, given the relevance of this stage in aggressive environments. It is interesting to note
that the greater the surface of the deck exposed to chlorides, the greater the impact related to each
maintenance activity from both the environmental and the social perspectives.

Figure 4 compares the social and environmental impacts of the three alternatives for each life
cycle stage. For this purpose, the upper vertical axis represents the social impact, and the lower
vertical axis represents the environmental impact. It is observed that, in general, the negative social
impacts considered here are proportional to the environmental impacts associated with each alternative
and, consequently, there is a symmetry between these two dimensions of sustainability. However,
this observation shall be considered carefully, as it is highly dependent on the social context associated
with each alternative analyzed [74]. The observed proportionality is due to the fact that the three
alternatives under study are assumed to affect the same social system.

A3 has the lowest global social and environmental impacts and the lowest social and environmental
impacts in the manufacturing and construction stages. However, A1 has the lowest social and
environmental impacts in the use and maintenance and end-of-life phase. The manufacturing stage
has the highest contribution to both impacts. It is observed that, but for the alternative A1, the impacts
related to maintenance take a significant proportion of the total life cycle impacts both from a social as
well as from an environmental perspective. Such results are in good accordance with other studies on
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the life cycle impacts of bridges. Navarro et al. [75] observed that, in chloride-laden environments,
environmental impacts related to maintenance can even double the impacts related to construction in
very aggressive exposures.

 

Figure 4. Total social and environmental impact.

In addition, more detailed information can be obtained for each social indicator. Thirteen social
indicators have been selected according to a hot spot analysis carried out to identify the relevant
social concerns for the specific location of the case study analyzed [76]: association and bargaining
rights (ACB), non-fatal accidents (NFA), fatal accidents (FA), gender wage gap (GW), violations of
employment laws and regulations (VL), safety measures (SM), frequency of forced labor (FL), trade
unionism (TU), fair salary (FS), workers affected by natural disasters (ND), weekly hours of work per
employee (WH), social security expenditures (SS) and international migrant workers (IMW). Table 7
shows the influence of the main materials used along the whole bridge life cycle for the selected
social indicators. Both concrete and steel manufacturing are the processes with the biggest impacts.
This table shows that steel production is the bridge process with the main social impact, followed
by concrete production. However, there are two indicators for which diesel consumption has the
highest contribution: FA and IMW. Figures 5 and 6 show the contribution of steel production, concrete
production, and diesel consumption in these indicators. These figures show that the contribution of
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diesel consumption in A1 is relatively weak when compared with A2 and A3 because the importance
of the materials is higher for A1. In A2 and A3, around half of the impact is due to diesel consumption.

Table 7. Contribution of material in the social impact.

A1 A2 A3

Steel Concrete Steel Concrete Steel Concrete

FL 57.93% 24.11% 53.04% 17.82% 54.82% 16.46%
FS 55.63% 29.60% 53.14% 22.73% 55.42% 21.10%

WH 49.90% 27.02% 43.92% 19.26% 45.12% 17.74%
GW 41.82% 42.58% 42.18% 34.56% 48.36% 34.60%
NFA 31.87% 49.36% 30.03% 37.22% 31.67% 34.12%
FA 35.70% 28.26% 28.27% 18.23% 28.64% 16.59%
SM 24.51% 49.95% 23.15% 36.30% 26.02% 36.09%
ND 51.76% 28.34% 46.35% 20.56% 47.38% 18.65%
SS 50.01% 27.31% 44.01% 19.49% 45.21% 17.88%
VL 53.19% 29.07% 49.35% 21.92% 51.51% 20.32%

ACB 58.06% 29.96% 57.53% 23.94% 62.05% 22.52%
TU 48.20% 29.57% 42.91% 21.32% 44.28% 19.64%

IMW 37.90% 22.07% 28.26% 13.29% 27.11% 11.98%

Note: FL—frequency of forced labor, FS—fair salary, WH—weekly hours of work per employee, GW—gender
wage gap, NFA—non-fatal accidents, FA—fatal accidents, SM—safety measures, ND—workers affected by natural
disasters, SS—social security expenditures, VL—violations of employment laws and regulations, ACB—association
and bargaining rights, TU—trade unionism, IMW—international migrant workers.

 
Figure 5. Contribution of processes to FA social impact.

Figure 6. Contribution of processes to IMW social impact.

6. Conclusions

This work carried out a complete life cycle assessment of three bridges: two box-section
post-tensioned concrete road bridges, with different initial and maintenance characteristics,
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and a pre-stressed concrete precast bridge. For this purpose, the environmental and social pillars were
evaluated following the LCA methodology. After reviewing and discussing the different LCIA that best
represent these pillars, a full sustainability assessment was performed using existing LCIA methods.
The ReCiPe method and ecoinvent database were used to carry out the environmental assessment,
and the Social Impact Weighting Method and the PSILCA database with the SOCA add-on were used
to carry out the social assessment.

The comparison between the three bridges shows that the most sustainable bridge is the pre-stressed
concrete precast bridge. This bridge has the lowest impact for all environmental and social indicators.
In addition, when the different phases of the bridge life cycle are compared, results show that the
manufacturing stage has the highest environmental and social impact. In this phase, concrete production
is the process with the highest environmental impact, and steel production is the process with the
highest social impact. Focusing on the social assessment, the processes of concrete and steel production
have a higher contribution to the social impact. However, other indicators such as the FA and INW are
more affected by diesel consumption.

This work aims to propose a complete methodology to evaluate the environmental and social
sustainability of bridges using a small number of indicators. This methodology can be applied to other
case studies. However, this study has potential limitations. One limitation is that results cannot be
compared with other works as they use different methodologies. The wide variety of methods means
that the contrast of the environmental and social assessment can only be done with works that use the
same methodology, and this leads to a global loss of information about the sustainability assessment.
For this reason, future research may unify the methodology to carry out environmental and social
assessments. Thus, engineers would have a standard methodology to choose the most sustainable
structure among different alternatives.
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Abstract: The durability of concrete structures is influenced by various factors, and the durability
damage mechanism is different when the structure is in different environmental conditions. This
will have implications for improving the durability of concrete structures and extending its service
life if the special environmental condition is taken into account in the durability design. Aimed at
the environmental zonation for concrete durability, this paper investigated the durability factors
influencing concrete structures in Shaanxi Province, China, including atmospheric temperature,
precipitation, corrosive gas, and acid rain. The variations of the above-mentioned factors were
analyzed and the indexes of environmental zonation were proposed. According to the zoning principle,
the weights of zoning indexes calculated using fuzzy rough sets were used to divide Shaanxi Province
into three first-level zones, namely the Freeze-Thaw Cycle Zone, the Neutralization–Freeze-Thaw
Interaction Zone, and the Neutralization Zone. These three zones were then subdivided into
nine second-level zones. The main mechanism of concrete deterioration and the environmental
characteristics of all zones were then analyzed. The method proposed in this paper puts forward clear
zoning indexes and quantifies them, which can improve the quality and accuracy of the zoning results.
Moreover, the research achievements are helpful for engineers to reduce the impact of the environment
on structure and the maintenance cost during the structural service life to a certain extent.

Keywords: concrete structure; environmental zonation; concrete durability; fuzzy set; rough set

1. Introduction

The design, construction, operation, and management of concrete structures are affected by its
in-service environment to varying degrees [1]. Due to the various environmental conditions of concrete
structures, the mechanism of durability deterioration is complex. For instance, carbonization [2],
freeze-thaw damage [3–5], acid rain [6,7], and ion erosion [8–12] can directly affect the durability of
concrete structures. It is necessary to take into account the in-service environmental condition when
it comes to the design of new concrete structures and the evaluation and maintenance of existing
concrete structures.

Durability environmental zonation is to divide a country or region into different zones according
to the environmental conditions and their influence on the durability of concrete structures.
Some durability design codes and standards, such as the Code for Design of Concrete Structures
(GB 50010-2010) [13], the Standard for Design of Concrete Structure Durability (GB/T 50476-2019) [14],
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and the Eurocode 2: Design of concrete Structures (EN 1992-1-1:2004) [15], classify the service environment
of concrete structures into different categories. However, some of the above-mentioned codes and most
of the studies pay more attention to the measures of concrete durability, while not much attention is
paid to the differences in the environment of different regions and the damage degree of the structure
under the corrosive environment. In view of this, some scholars have studied the environmental
zonation of concrete structures and acquired some achievements [16,17], or the economic impacts of
sustainable vertical extension methods for existing underground spaces [18]. However, these studies
did not select appropriate zoning indexes nor quantify them in the process of durability zonation.
They mainly focused on the qualitative zonation according to the impact of the environment on the
durability of concrete structures, which is subjective and insufficient to reflect the actual situation. If the
durability design can be carried out according to the local environmental conditions and durability
damage forms, the service life of the building can be prolonged, the maintenance cost can be reduced,
and the life-cycle construction cost can be saved.

Taking Shaanxi Province in Northwest China for example, the influence of various environmental
factors on the durability of concrete structures is analyzed, and the index of environmental zonation is
determined on the basis of investigating and analyzing the environmental conditions and durability
status of concrete structures. Based on fuzzy rough sets, the influence of environmental factors on
structural durability will be obtained, and the environmental zoning map of Shaanxi Province for
concrete durability will be achieved.

2. Analysis of Durability Environmental Conditions in Shaanxi Province

Shaanxi Province, located in Northwest China, is a long and narrow region with a varied
topography. From north to south, it can be divided into three geomorphic areas: Northern Shaanxi,
Guanzhong, and Southern Shaanxi. Southern Shaanxi has a sub-tropical and humid climate, Guanzhong
and parts of Northern Shaanxi have a warm temperate and semi-humid climate, and Northern Shaanxi
has a mid-temperate and semi-arid climate along the Great Wall [19].

The environmental factors affecting the durability of concrete structures in Shaanxi Province can
be divided into two categories: (1) climatic conditions, namely atmospheric temperature, atmospheric
humidity, etc., which are closely related to concrete carbonization and the freeze-thaw cycle; (2) erosion
medium, including various corrosive gases in the atmosphere and ions dissolved in water. With the
rapid economic development of Shaanxi Province, the acid rain is becoming more frequent and may be
the most important erosion medium during the service period of the concrete structures.

This paper selected meteorological data of 93 counties and cities in Shaanxi Province, among
which, 28 are in Southern Shaanxi, 40 in Guanzhong, and 25 in Northern Shaanxi. For the missing data
of some counties and cities, the data of the surrounding counties and cities with similar environmental
conditions were used. The developing trend of ambient temperature, relative humidity, corrosive
gases, and acid rain were analyzed.

2.1. Atmospheric Temperature

2.1.1. Annual Average Temperature

The annual average temperature of Shaanxi Province is 13.7 ◦C, varying from south to north
and east to west: 7~12 ◦C in Northern Shaanxi, 12~14 ◦C in Guanzhong, and 14~16 ◦C in Southern
Shaanxi. In the last half century, the average annual temperature in Northern Shaanxi, Guanzhong,
and Southern Shaanxi have shown a fluctuating upward trend (Figure 1), and its variation coefficient
is between 0.03 and 0.07 (Table 1) [20]. For Northern Shaanxi, the annual average temperature peaked
in 1998 (10.63 ◦C), and the minimum value is in 1967 (7.97 ◦C). For Guanzhong, the annual average
temperature reached the highest value (13.31 ◦C) in 2016 and the lowest value (11.13 ◦C) in 1984.
For Southern Shaanxi, the annual average temperature showed its highest value (14.61 ◦C) in 1998,
and its lowest value (12.25 ◦C) in 1967. The variations of the annual average temperature of Northern
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Shaanxi, Guanzhong, and Southern Shaanxi were highest in the early 21st century, while Northern
Shaanxi reached the lowest in the 1960s and the other two regions hit a record low in the 1980s.

Figure 1. Annual average temperature in Shaanxi Province in the last half century.

Table 1. Statistical characteristics of annual average temperature in Shaanxi Province (◦C).

Region
Mean
Value

Standard
Deviation

Skewness
Coefficient

Kurtosis
Coefficient

Range of
Variation

Range
Variation

Coefficient

Northern Shaanxi 9.24 0.62 0.374 −0.245 7.97~10.63 2.66 0.07
Guanzhong 12.08 0.49 0.383 −0.633 11.13~13.15 2.02 0.04

Southern Shaanxi 13.70 0.44 0.183 −0.807 12.97~14.61 1.64 0.03

In order to present the regional distribution of annual average temperature, the annual average
temperature is divided into 4 levels, as shown in Figure 2. It can be seen that the annual average
temperature of most counties and districts in Northern Shaanxi is below 10 ◦C, and that of Guanzhong
and Southern Shaanxi is 12~14 ◦C and above 12 ◦C, respectively.

Figure 2. Annual average temperature of Shaanxi Province.
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2.1.2. Average Monthly Temperature

As can be seen from the monthly average temperature distribution in the three regions of Shaanxi
Province (Figure 3) [20]. The average temperature in January, February, and December in Northern
Shaanxi was below 0 ◦C, while that in other months was above 0 ◦C and it is the highest in July reaching
22.28 ◦C. For Guanzhong, the average monthly temperature in January and December was below
0 ◦C, and that in July was the highest (24.88 ◦C), followed by June (23.18 ◦C) and August (23.58 ◦C).
The average temperature in Southern Shaanxi is above 0 ◦C every month, with the lowest value in
January (1.83 ◦C) and the highest value in July (25.01 ◦C). On the whole, the temperature changes in
Northern Shaanxi, Guanzhong, and Southern Shaanxi are generally the same.

Figure 3. Average monthly temperature distribution in Shaanxi Province.

2.2. Precipitation

Shaanxi Province is located in mid-latitude, and the Qinling mountains traverse the south-central
part of it. The climate in the south of Qinling mountains is humid, while that in the north is dry.
The annual precipitation in Shaanxi has a significant regional characteristic, and it shows a fluctuating
downward trend in the three regions (Figure 4) [20]. In Northern Shaanxi, the annual precipitation
fluctuated greatly in 1960s, with the maximum value (746.3 mm) in 1964 and the minimum value
(293.7 mm) in 1965. In Guanzhong and Southern Shaanxi, the annual precipitation fluctuated greatly
from the 1970s to the 1980s, and reached its maximum value in 1983 (Guanzhong: 899.7 mm; South
Shaanxi: 1273.7 mm) and the minimum value in 1997 (Guanzhong: 360.3 mm; Southern Shaanxi:
577.6 mm). In general, all regions suffered a downward trend in annual precipitation, with Southern
Shaanxi experiencing the largest decline and Northern Shaanxi the smallest. The average decline of
the whole province is 2.08 mm·a−1.

In order to demonstrate the spatial distribution of precipitation in Shaanxi Province, the annual
precipitation was divided into three levels: 200~400 mm, 400~800 mm, and 800~1600 mm. As can be
seen from Figure 5, the average annual precipitation in Southern Shaanxi is more than 800 mm, while
that in Guanzhong and Northern Shaanxi is mostly between 400 and 800 mm, and in some counties
and cities in Northern Shaanxi is less than 400 mm. In general, the annual average precipitation
in Shaanxi Province varies from place to place, with more in the south and less in the north. This
difference is mainly related to the topography and geomorphology of Shaanxi Province. The water
vapor in the atmosphere of Shaanxi Province mainly comes from the Western Pacific Ocean and the
Bay of Bengal, and it is blocked by the Qinling mountains, resulting in strong precipitation in its
southern slope. Therefore, the precipitation in Southern Shaanxi is higher than that in Guanzhong and
Northern Shaanxi.
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Figure 4. Annual average precipitation in Shaanxi Province from 1961 to 2016.

Figure 5. Average annual precipitation in Shaanxi Province.

2.3. Corrosive Gases in the Atmosphere

The investigation shows that atmospheric pollution in Shaanxi Province is mainly soot pollution.
The exhaust gas from fuel combustion and production processes accounts for 74 percent and 20 percent
of the total industrial exhaust gas respectively. The major pollutants in Shaanxi are sulfur dioxide,
smoke, nitrogen oxides, and carbon monoxide, which tend to dissolve in water to form acid rain and
affects the durability of buildings [21].

2.3.1. Carbon Dioxide

CO2 is one of the main causes of concrete carbonization and steel corrosion [22]. Shaanxi Province
has witnessed rapid economic development in recent years, and overdependence on fossil energy has
led to a continuous increase of carbon emissions. According to Figure 6, the annual growth rate of GDP
of Shaanxi Province from 1995 to 2017 was 11.6%, and the carbon dioxide emissions increased year
by year, from 7.544 × 107 t in 1995 to 30.212 × 107 t in 2017, with an annual growth rate of 6.8% [21].
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The trend of carbon emissions and the growth of Gross Domestic Product (GDP) of Shaanxi are roughly
the same. However, due to the high mobility of air and the absorption of vegetation, the atmospheric
CO2 concentration does not increase significantly in spite of the increase of carbon emissions, and the
province-wide variation of the CO2 concentration is relatively small.

Figure 6. Corrosive gases emissions and economic growth in Shaanxi Province in the last two decades.

2.3.2. Sulfur Dioxide and Nitrogen Dioxide

Sulfur dioxide (SO2) and nitrogen dioxide (NOx) in the air mainly come from industrial production
processes, the burning of fossil fuels, and chemical decomposition in the soil [23,24]. In recent years,
the rural industry with large biomass fuel consumption in Shaanxi Province is developing rapidly,
while pollution control measures are relatively backward, leading to high corrosive gases emissions.
If SO2 and NOx emissions exceed the environment’s capacity, acid rain may occur. Based on the data
of the State Environmental Protection Administration shown in Figure 6 [21], the regional difference
among the corrosive gas emissions are closely related to economic development and environmental
governance. Before 2011, the SO2 and NOx emissions show an upward trend with a small fluctuation,
and this is consistent with the rapid development of the Shaanxi economy. Thanks to the improvement
of environmental protection measures and the governance technology, the corrosive gas emissions
have been significantly reduced since 2011.

In terms of geographical distribution, the air pollution in large and medium-sized cities in
Guanzhong is serious, with average SO2 emissions over 3.5 t/km2, among which, Xi’an, Weinan, Baoji,
Xianyang, and Tongchuan are the major air pollution areas. The average SO2 emissions in Northern
Shaanxi were 0.3~3.5 t/km2, and those in Southern Shaanxi were less than 0.3 t/km2. In addition,
Yanchang in Northern Shaanxi is located in the basin valley, so the pollutants are not easy to spread.
As for Yulin, the air quality is also poor due to the cold climate and long heating period.

2.4. Acid Rain

Precipitation acidity is affected by many factors. In addition to acid substances such as sulfuric
acid and nitric acid, soil particles, industrial dust, and natural nitrogen also play an important role [25].
Due to fossil fuel-based energy consumption structure and combustion inefficiency, the acid rain in
Shaanxi Province has a high frequency and intensity, and the acid rain distribution has significant
regional characteristics: mild in the north and severe in the south, less in the west and more in the
east (Figures 7 and 8) [20,21]. The climate in Northern Shaanxi and Guanzhong is dry and rainless,
and there are more suspended particles in the air than those in Southern Shaanxi. Meanwhile, the soil
particles are neutral or slightly alkaline, which can neutralize the acidic raindrops to some extent.
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In contrast, the pH value of precipitation in Southern Shaanxi is relatively low since the acidic soil
particles and acid corrosive gas in the air can be easily eluted by rainwater.

Figure 7. Average pH and frequency of precipitation in 15 stations from 2007 to 2019.

Figure 8. Distribution map of acid rain in Shaanxi Province.

3. Environmental Zonation for Concrete Durability in Shaanxi Province

3.1. Principles of Environmental Zonation for Concrete Durability

The durability design, construction, and management of concrete structures are different due
to the different environments in different regions [26–28]. Based on a comprehensive analysis of
regional environmental conditions and the durability of concrete structures in Shaanxi Province,
the regions with the same or similar climate environments will fall into the same environmental
zones. The boundary line of each region is mainly determined by the calculation results, and the
road divisions and administrative divisions are also taken into account. The zoning results are
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convenient to standardize the durability design of concrete structures and to implement the urban
construction standards.

3.2. Indexes of Environmental Zonation

The field test results show that the durability damage of concrete structures in Shaanxi Province is
mainly caused by concrete neutralization or freeze-thaw damage, and the external environmental factors
affecting the durability of concrete mainly include temperature, relative humidity, CO2 concentration,
and acid rain.

Although the concentration of CO2 in Shaanxi Province has been increasing in recent years,
its concentration gradient is small in the whole province [21], so the CO2 concentration will not be
selected as the zoning index. The ambient temperature and relative humidity vary greatly in different
regions, resulting in different climatic characteristics in Shaanxi Province [21]. Moreover, the relative
humidity has a positive correlation with the precipitation, so the annual precipitation will be selected
as the zoning index.

It is generally believed that January is the coldest month in Northern China, and the diurnal
temperature range in January determines whether the concrete structure is damaged by freezing
and thawing or not, while July is the hottest month, with the highest rate of carbonization and steel
corrosion [22]. Therefore, the annual freeze-thaw cycles and the average temperature in July are
selected as the zoning indexes.

Due to the different degree of industrialization, the annual emissions of acid gases such as SO2,
CO2, and NOx are different, resulting in different acid rainfall in each region. Therefore, the annual acid
rainfall, known as the product of annual average precipitation and acid rain frequency [29], is selected
as the zoning index.

3.3. Environmental Zonation for Concrete Durability

In the environmental zonation for concrete durability, the weight of the zoning index reflects the
degree of its influence on concrete durability, and its rationality is directly related to the accuracy of
zoning. In order to quantitatively zone the in-service environment of concrete structures in Shaanxi
Province, this paper adopts the weight distribution method based on fuzzy and rough sets, which
converts the weight determination problem into the attribute evaluation problem of rough sets, and the
subjective influence of factor selection and weight determination can be avoided.

3.3.1. Fuzzy Cluster Analysis and the Theory of the Rough Set

Fuzzy Cluster Analysis

The traditional clustering analysis method is used to strictly divide each object into a certain
category, but the attributes of objective things are usually not very clear and their categories are
relatively vague, so it is effective to use the fuzzy clustering analysis to deal with the above-mentioned
ambiguous objects. Fuzzy cluster analysis can obtain the degree of uncertainty of samples belonging
to each category, and establish the uncertainty description, which can more objectively reflect the field
situation [30].

For environmental zonation, let X = {x1, x2, . . . , xn} be the buildings to be tested, and these
buildings will be divided into different categories according to their durability deterioration mechanism.
Each sample xi = {xi1, xi2, . . . , xim} consists of m measured value of the durability influencing factors.
The raw n × m data matrix can then be obtained.

The fuzzy clustering analysis is as follows [31,32]:
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Step 1. Data standardization. In order to compare different testing values with different dimensions,
the measured data should be standardized by Standard Deviation Transformation or Range Transformation.

xij′ =
xij − μ j

sj
(1)

xij′ =
xij −min{xij}

max
1≤i≤n

{xij} − min
1≤i≤n

{xij} (2)

where μj and sj is the mean value and the standard deviation of xij, respectively, and i = 1, 2, . . . , n,
j = 1, 2, . . . , m.

Step 2. Establish the fuzzy similar matrix R. The similar coefficient rij = R(xi, xj) between xi and xj
can be calculated by using standardized data and the fuzzy similar matrix can be established.

Step 3. Establish the fuzzy equivalent matrix R*. Fuzzy similar matrix R is usually non-transitive,
but reflexive and symmetrical. The equivalent matrix R* can be calculated by using the transitive
closure method. Stepwise calculate R2, R4, . . . , until Rk = R2k = R2.

Step 4. Clustering. Choose different confidence levels λ ∈ [0, 1] and gradually merge the rows
and columns of the fuzzy equivalent matrix R* obtained in Step 3 to obtain different clustering results.
When rij ≥ λ, xi and xj are considered close enough to be the same category. For environmental
zonation, it is considered that the influencing factors of concrete structure durability are similar.
The larger the λ is, the higher the stability of sample elements is and the more details are distinguished.
Therefore, the classification results are different when the confidence level is different. In view of this,
the F-statistics method is used to determine the optimum threshold λ [31].

In the process of clustering analysis, the center vector can be obtained through a raw data matrix.

x = (x1, x2, · · · , xk, · · · , xm) (3)

xk =
1
n

n∑
i=1

xik, k = 1, 2, · · · , m. (4)

where x is the center vector of the sample space.
Assume that the number of cluster is r when the confidence level is λ, and the j-th cluster

has nj samples, which are x( j)
1 , x( j)

2 , . . . , x( j)
nj

. Thus, the center vector of the j-th cluster is x( j) =

(x1
( j), x2

( j), · · · , xk
( j), · · · , xm

( j)), where xk
( j) is the average value of the k-th durability factor.

xk
( j) =

1
nj

nj∑
i=1

xik
( j), k = 1, 2, · · · , m. (5)

The value of F-statistic is

F =

r∑
j=1

nj‖x( j) − x‖
2
/(r− 1)

r∑
j=1

nj∑
i=1
‖x( j)

i − x( j)‖
2

/(n− r)

(6)

where ‖x( j) − x‖ =
√

m∑
k=1

(xk
( j) − xk)

2
is the distance between x( j) and x, and ‖x( j)

i − x( j)‖ is the distance

between xi
( j) and center vector x( j) in the j-th class. The molecular of the F-statistic represents the

distance between categories, and the denominator represents the distance between samples in the same
category. Therefore, the larger the value of the F-statistic becomes, the greater the distance between
categories is, and the better the cluster result will be.
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Rough Set theory

Rough set theory, proposed by Z. Pawlak, a Polish mathematician in 1982, is a theoretical method
for studying the expression, learning, and induction of incomplete, uncertain knowledge and data.
Its main idea is to make determination or zonation through knowledge reduction while maintaining
the same distinguishing ability. Rough set theory has been widely used in data mining, pattern
recognition, machine learning, and intelligent control because it can solve problems without prior
knowledge [33,34].

The in-service environment of concrete structures usually has no detailed description, so it is
impossible to obtain the weight of each index by statistical analysis. In view of this, rough set theory is
introduced to determine the significance of environmental factors affecting the durability of concrete
structures from rough description [35,36].

Definition 1. The knowledge representation system is defined as follows:

S = (U, A, V , f ) (7)

where U is the set of samples; A = C ∪ D is the set of attributes, and C and D are the conditional
attributes and decision attributes of the samples respectively; V = ∪

a∈A
Va is the set of attribute values; f:

U × (C ∪ D)→ V is an information function that specifies the attribute values of each sample in U.
Each attribute subset determines a binary indiscernible relationship IND (R):

IND(R) = {(x, y) ∈ U× U|∀a ∈ R, f (x, a) = f (y, a)} (8)

Definition 2. Given the knowledge representation system S = (U, A, V, f), for each subset X ⊂ U and
indiscernible relation R ⊂ A, the upper and lower approximation sets of X are defined as follows:

R−(X) = ∪{Y ⊂ U/IND(R)/|Y∩X � ∅ } (9)

R−(X) = ∪{Y ⊂ U/IND(R)|Y ⊂ X } (10)

Definition 3. The dependence between the two attribute sets C and D is defined as

γ(C, D) =
∣∣∣POSC(D)

∣∣∣/|U| (11)

where POSC(D) = C_(D), and |U| is the number of the element of U.

Definition 4. Attribute a∈ C, the significance of attribute a for D is defined as

SGF(a, C, D) = γ(C, D) − γ(C− {a}, D) (12)

where γ(C− {a}, D) represents the dependence of conditional attributes on the decision attributes after
removing attribute a from C.

3.3.2. Weight Distribution of the Index of Environmental Zonation for Concrete Durability

Before doing environmental zonation, the weight distribution of various indexes should be
determined. Using rough set theory to determine the importance of each zoning index is to calculate
the weight of each index by attribute reduction under the premise of maintaining the classification
ability. Firstly, the zoning index is fuzzy clustered, and the best classification can be obtained. The index
ci is then successively deleted from the classification and the remaining indexes are clustered with
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the same method. The significance of the index was defined by the change of the whole system after
deleting the index. That is, the more significant the index is, the more important it is to maintain the
stability of the whole system, and the greater its weight becomes. The specific steps are as follows:

Step 1. Take all test samples as the universe U = {x1, x2, . . . , xn}, the index of environmental
zonation (ci1, ci2, . . . , cim) as conditional attributes, and the durability grade of structure or component
(d1, d2, . . . , dm) as the decision attribute. The raw data matrix can then be obtained:

X =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

c11 c12 · · · c1m
c21 c22 · · · c2m
...

...
. . .

...
cn1 cn2 · · · cnm

d1

d2
...

dm

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(13)

Step 2. Determine the optimal confidence level λ by the F-statistics method, and then divide the
equivalent classification of the tested buildings according to the zoning index and durability damage
level, respectively, to find the best classification:

Y = {Y1, Y2, . . . , Ys} (14)

where Y i is an equivalent set, which is a set of equivalent relations corresponding to a certain durability
damage level.

Step 3. Delete the index ci (i = 1, 2, . . . , m) and use the aforementioned method to process the
remaining matrix, and a new classification set after removing the index ci can then be achieved.

E = {E1, E2, . . . , Em} (15)

where Ei = {Y(i)
1 , Y(i)

2 , . . . , Y(i)
k } is the equivalent set obtained after removing the i-th zoning index.

For different i, k may be different. Y(i)
l (1 ≤ l ≤ k) is the l-th equivalent set obtained after removing the

i-th zoning index.
Step 4. The importance of each index is obtained by rough set theory. According to Definition

2, the union of the lower approximation set of each equivalent set for each durability damage level
is obtained.

POSC−{ci}(D) = {C− {ci}}_(D) = ∪{{C− {ci}}_Yl} (16)

For each zoning index ci, the dependence of durability damage level D on zoning index set C and
zoning index set C − {ci} can be calculated by Definition 3 of rough set theory.

γ(C, D) =
∣∣∣POSC(D)

∣∣∣/|U| (17)

γ(C− {ci}, D) =
∣∣∣POSC−{ci}(D)

∣∣∣/|U| (18)

The significance SGF(ci, C, D) of zoning index ci can then be calculated by Definition 4 of rough
set theory.

Step 5. According to the significance of each zoning index, the weight of each index is normalized
to get more intuitive results.

Wi = SGF(ci, C, D)/
m∑

k=1

SGF(ck, C, D) (19)

To summarize, the knowledge system is established through the establishment of a relational
data model and the characterization of an attribute value, and the factor weight is then calculated by
analyzing the support degree and significance of the evaluation object under the data driven. This is a
weight assignment method of the index of environmental zonation proposed in this study.
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3.3.3. Environmental Zonation for Concrete Durability in Shaanxi Province

A large number of buildings have been built in Shaanxi Province in recent years. However, due to
the insufficient understanding of the durability of concrete structures in the early years, durability
problems of concrete structures are quite common. This study tested the durability influencing factors
of 989 existing concrete structures in Shaanxi Province and assessed the durability damage levels of
them by taking into account different construction years, structural types, and geographical locations.
Take Yulin as an example to illustrate the weight calculation. Twenty test samples are selected as the
universe U = {1, 2, . . . , 20}. The conditional attribute set C = {c1, c2, c3, c4} includes annual freeze-thaw
cycles, annual precipitation, the average temperature in July, and the annual acid rainfall. The decision
attribute set D = {D1} is the durability damage level of sample components, which can be calculated
according to the Standard for Durability Assessment of Existing Concrete Structures (GB/T 51355-2019) [37].
In the decision attribute set, Durability Damage Level 1 indicates that the component has no durability
damage, Level 2 indicates that the component has slight mechanical damage or durability damage,
Level 3 indicates that the component has more serious durability damage, and Level 4 indicates that
the component has very serious durability damage. The test data are shown in Table 2.

Table 2. Detecting data of concrete structures (extract).

Sample Number
Indexes of Environmental Zonation for Concrete Durability

Annual
Freeze-Thaw Cycles

Annual
Precipitation (mm)

Average Temperature
in July (◦C)

Annual Acid
Rainfall (mm)

Durability
Damage Level

1 113 574.9 23.9 91.9 4

2 110 562.2 23.5 101.1 3

3 106 538.9 23.3 106.1 3

4 117 567.1 23.5 97.4 4

5 114 542.2 23.8 103.7 3

6 114 547.6 23.5 105.1 4

7 103 515.2 23.1 113.7 2

8 113 572.0 23.5 95.5 4

9 108 544.7 22.8 107.2 3

10 109 546.1 24.2 102.0 3

11 112 570.2 23.4 94.3 4

12 106 521.3 23.3 107.6 2

13 107 505.5 23.7 112.0 1

14 105 517.7 23.4 110.6 2

15 115 578.5 23.6 95.3 4

16 104 505.1 23.0 111.3 1

17 116 543.5 23.5 101.9 4

18 108 566.8 23.2 100.8 3

19 108 510.3 23.6 111.3 2

20 115 545.6 23.3 106.7 3

xk 110 543.8 23.4 103.8 3

sk 4.37 23.69 0.30 6.33 0.97

(1) Establish fuzzy similarity matrix
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The detecting data are then standardized by standard deviation to eliminate the influence of
dimension, and the standardization matrix R is obtained.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.74 1.31 1.33 −1.87 1.08
0.06 0.78 0.02 −0.43 0.05
−1.06 −0.21 −0.57 0.37 0.05
1.66 0.99 0.31 −1.01 1.08
0.77 −0.07 1.04 −0.01 0.05
0.79 0.16 0.12 0.21 1.08
−1.71 −1.20 −1.07 1.57 −0.98
0.76 1.19 0.28 −1.30 1.08
−0.57 0.04 −2.25 0.55 0.05
−0.17 0.10 2.50 −0.28 0.05
0.53 1.11 −0.04 −1.49 1.08
−0.85 −0.95 −0.39 0.61 −0.98
−0.83 −1.62 0.73 1.30 −2.00
−1.26 −1.10 −0.22 1.08 −0.98
1.02 1.47 0.34 −1.33 1.08
−1.52 −1.63 −1.36 1.18 −2.00
1.41 −0.01 0.16 −0.30 1.08
−0.39 0.97 −0.92 −0.48 0.05
−0.58 −1.41 0.52 1.19 −0.98
1.20 0.08 −0.55 0.46 0.05

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Use the Euler distance method to establish similarity matrix R,

rij = 1−C ·
√√√ 5∑

k=1

(xik − xjk)
2

To ensure 0 ≤ rij ≤ 1, let C = 0.125 and the fuzzy similarity matrix R can be obtained.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0.734 0.529 0.793 0.708 0.666 0.316 0.850 0.413 0.689 0.818 0.488 0.421 0.428 0.853 0.312 0.693 0.638 0.453 0.591

0.734 1 0.776 0.783 0.805 0.855 0.563 0.848 0.668 0.676 0.849 0.718 0.604 0.655 0.810 0.553 0.803 0.867 0.644 0.787

0.529 0.776 1 0.576 0.691 0.748 0.780 0.630 0.778 0.590 0.646 0.897 0.732 0.849 0.588 0.766 0.667 0.795 0.765 0.715

0.793 0.783 0.576 1 0.768 0.785 0.379 0.879 0.518 0.615 0.840 0.546 0.462 0.477 0.892 0.381 0.842 0.694 0.505 0.752

0.708 0.805 0.691 0.768 1 0.878 0.526 0.755 0.550 0.779 0.726 0.698 0.675 0.647 0.730 0.518 0.859 0.681 0.711 0.785

0.666 0.855 0.748 0.785 0.878 1 0.579 0.770 0.655 0.673 0.753 0.740 0.661 0.678 0.744 0.573 0.897 0.763 0.708 0.896

0.316 0.563 0.780 0.379 0.526 0.579 1 0.415 0.713 0.437 0.430 0.815 0.742 0.864 0.375 0.915 0.498 0.591 0.750 0.574

0.850 0.848 0.630 0.879 0.755 0.770 0.415 1 0.551 0.646 0.944 0.580 0.479 0.512 0.952 0.414 0.788 0.767 0.519 0.714

0.413 0.668 0.778 0.518 0.550 0.655 0.713 0.551 1 0.395 0.578 0.734 0.562 0.689 0.519 0.724 0.596 0.759 0.601 0.693

0.689 0.676 0.590 0.615 0.779 0.673 0.437 0.646 0.395 1 0.616 0.591 0.624 0.569 0.624 0.415 0.647 0.557 0.635 0.572

0.818 0.849 0.646 0.840 0.726 0.753 0.430 0.944 0.578 0.616 1 0.591 0.474 0.520 0.908 0.433 0.767 0.796 0.514 0.705

0.488 0.718 0.897 0.546 0.698 0.740 0.815 0.580 0.734 0.591 0.591 1 0.815 0.917 0.538 0.815 0.667 0.710 0.849 0.712

0.421 0.604 0.732 0.462 0.675 0.661 0.742 0.479 0.562 0.624 0.474 0.815 1 0.852 0.440 0.724 0.595 0.553 0.950 0.618

0.428 0.655 0.849 0.477 0.647 0.678 0.864 0.512 0.689 0.569 0.520 0.917 0.852 1 0.471 0.839 0.598 0.647 0.868 0.648

0.853 0.810 0.588 0.892 0.730 0.744 0.375 0.952 0.519 0.624 0.908 0.538 0.440 0.471 1 0.372 0.768 0.733 0.481 0.695

0.312 0.553 0.766 0.381 0.518 0.573 0.915 0.414 0.724 0.415 0.433 0.815 0.724 0.839 0.372 1 0.505 0.585 0.736 0.576

0.693 0.803 0.667 0.842 0.859 0.897 0.498 0.788 0.596 0.647 0.767 0.667 0.595 0.598 0.768 0.505 1 0.710 0.641 0.867

0.638 0.867 0.795 0.694 0.681 0.763 0.591 0.767 0.759 0.557 0.796 0.710 0.553 0.647 0.733 0.585 0.710 1 0.593 0.740

0.453 0.644 0.765 0.505 0.711 0.708 0.750 0.519 0.601 0.635 0.514 0.849 0.950 0.868 0.481 0.736 0.641 0.593 1 0.668

0.591 0.787 0.715 0.752 0.785 0.896 0.574 0.714 0.693 0.572 0.705 0.712 0.618 0.648 0.695 0.576 0.867 0.740 0.668 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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(2) Clustering
Use the square method to find the transitive closure, and the fuzzy equivalent matrix R* can

be obtained:
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0.849 0.795 0.853 0.849 0.849 0.795 0.853 0.778 0.779 0.853 0.795 0.795 0.795 0.853 0.795 0.849 0.849 0.795 0.849

0.849 1 0.795 0.849 0.855 0.855 0.795 0.849 0.778 0.779 0.849 0.795 0.795 0.795 0.849 0.795 0.855 0.867 0.795 0.855

0.795 0.795 1 0.795 0.795 0.795 0.864 0.795 0.778 0.779 0.795 0.897 0.868 0.897 0.795 0.864 0.795 0.795 0.868 0.795

0.853 0.849 0.795 1 0.849 0.849 0.795 0.892 0.778 0.779 0.892 0.795 0.795 0.795 0.892 0.795 0.849 0.849 0.795 0.849

0.849 0.855 0.795 0.849 1 0.878 0.795 0.849 0.778 0.779 0.849 0.795 0.795 0.795 0.849 0.795 0.878 0.855 0.795 0.878

0.849 0.855 0.795 0.849 0.878 1 0.795 0.849 0.778 0.779 0.849 0.795 0.795 0.795 0.849 0.795 0.897 0.855 0.795 0.896

0.795 0.795 0.864 0.795 0.795 0.795 1 0.795 0.778 0.779 0.795 0.864 0.864 0.864 0.795 0.915 0.795 0.795 0.864 0.795

0.853 0.849 0.795 0.892 0.849 0.849 0.795 1 0.778 0.779 0.944 0.795 0.795 0.795 0.952 0.795 0.849 0.849 0.795 0.849

0.778 0.778 0.778 0.778 0.778 0.778 0.778 0.778 1 0.778 0.778 0.778 0.778 0.778 0.778 0.778 0.778 0.778 0.778 0.778

0.779 0.779 0.779 0.779 0.779 0.779 0.779 0.779 0.778 1 0.779 0.779 0.779 0.779 0.779 0.779 0.779 0.779 0.779 0.779

0.853 0.849 0.795 0.892 0.849 0.849 0.795 0.944 0.778 0.779 1 0.795 0.795 0.795 0.944 0.795 0.849 0.849 0.795 0.849

0.795 0.795 0.897 0.795 0.795 0.795 0.864 0.795 0.778 0.779 0.795 1 0.868 0.917 0.795 0.864 0.795 0.795 0.868 0.795

0.795 0.795 0.868 0.795 0.795 0.795 0.864 0.795 0.778 0.779 0.795 0.868 1 0.868 0.795 0.864 0.795 0.795 0.95 0.795

0.795 0.795 0.897 0.795 0.795 0.795 0.864 0.795 0.778 0.779 0.795 0.917 0.868 1 0.795 0.864 0.795 0.795 0.868 0.795

0.853 0.849 0.795 0.892 0.849 0.849 0.795 0.952 0.778 0.779 0.944 0.795 0.795 0.795 1 0.795 0.849 0.849 0.795 0.849

0.795 0.795 0.864 0.795 0.795 0.795 0.915 0.795 0.778 0.779 0.795 0.864 0.864 0.864 0.795 1 0.795 0.795 0.864 0.795

0.849 0.855 0.795 0.849 0.878 0.897 0.795 0.849 0.778 0.779 0.849 0.795 0.795 0.795 0.849 0.795 1 0.855 0.795 0.896

0.849 0.867 0.795 0.849 0.855 0.855 0.795 0.849 0.778 0.779 0.849 0.795 0.795 0.795 0.849 0.795 0.855 1 0.795 0.855

0.795 0.795 0.868 0.795 0.795 0.795 0.864 0.795 0.778 0.779 0.795 0.868 0.95 0.868 0.795 0.864 0.795 0.795 1 0.795

0.849 0.855 0.795 0.849 0.878 0.896 0.795 0.849 0.778 0.779 0.849 0.795 0.795 0.795 0.849 0.795 0.896 0.855 0.795 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Use the F-statistics method to determine the optimal threshold value of λ = 0.915 and classify the
samples. The classification results of the conditional attribute and the decision attribute are as follows:

U/IND(C)= {{1},{2},{3},{4},{5},{6},{7,16},{8,11,15},{9},{10},{12,14},{13,19},{17},{18},{20}};
U/IND(D)= {{13,16},{7,12,14,19},{2,3,5,9,10,18,20},{1,4,6,8,11,15,17}}.
Similarly, after removing the ci conditional attributes, the fuzzy clustering method is used to

classify the remaining conditional attributes, and the best classifications are as follows:
U/IND(C−{c1}) = {{1},{2,4,8,11,15},{3,20},{5},{6,17},{7,16},{9},{10},{12,14},{13,19},{18}};
U/IND(C−{c2}) = {{1},{2},{3,12,14},{4,8,11,15},{5},{6},{7,16},{9},{10},{13,19},{17},{18},{20}};
U/IND(C−{c3}) = {{1,8,11,15},{2,18},{3},{4},{5,6,20},{7},{9},{10},{12},{13,19},{14},{16},{17}}.
U/IND(C−{c4}) = {{1},{2,8,11,15},{3},{4},{5},{6},{7,16},{9},{10},{12,14},{13,19},{17},{18},{20}}.
Calculate the importance of each conditional attribute to the decision attribute:

POSC(D) = {1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 14, 15, 17, 18, 20}

POSC−{c1}(D) = {1, 3, 5, 6, 17, 9, 10, 12, 14, 18, 20}
POSC−{c2}(D) = {1, 2, 4, 5, 6, 8, 9, 10, 11, 15, 17, 18, 20}

POSC−{c3}(D) = {1, 2, 3, 4, 7, 8, 9, 10, 11, 12, 14, 15, 16, 17, 18}
POSC−{c4}(D) = {1, 3, 4, 5, 6, 9, 10, 12, 14, 17, 18, 20}

Calculate the significance SGF(ci, C, D) of each zoning index ci through the dependence degree of
durability damage level D on the zoning index set C and the zoning index set C−ci.

SGF(c1, C, D) = γC(D) − γC−{c1}(D) =

∣∣∣POSC(D)
∣∣∣

|U| −
∣∣∣POSC−{c1}(D)

∣∣∣
|U| =

16
20
− 11

20
=

5
20
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SGF(c2, C, D) = γC(D) − γC−{c2}(D) =

∣∣∣POSC(D)
∣∣∣

|U| −
∣∣∣POSC−{c2}(D)

∣∣∣
|U| =

16
20
− 13

20
=

3
20

SGF(c3, C, D) = γC(D) − γC−{c3}(D) =

∣∣∣POSC(D)
∣∣∣

|U| −
∣∣∣POSC−{c3}(D)

∣∣∣
|U| =

16
20
− 15

20
=

1
20

SGF(c4, C, D) = γC(D) − γC−{c4}(D) =

∣∣∣POSC(D)
∣∣∣

|U| −
∣∣∣POSC−{c4}(D)

∣∣∣
|U| =

16
20
− 12

20
=

4
20

Finally, the weight of each zoning index is obtained after normalizing the significance.

(ωc1 ,ωc2 ,ωc3 ,ωc4) = (0.3846, 0.2308, 0.0769, 0.3077) (20)

It can be seen that, among the factors affecting the durability of concrete structures in Yulin,
the annual freeze-thaw cycles has the greatest impact on the durability of concrete, followed by annual
acid rain and annual precipitation. The average temperature in July has a relatively small impact.
Based on the above methods, the factors affecting the durability of 989 existing concrete buildings
in typical cities of Shaanxi Province were analyzed, and their durability statuses were assessed.
The weight of each factor and the durability damage level of the buildings were obtained. Considering
the practicability of the zoning results, the environmental zonation was carried out by taking into
account the landform, the road network, the administrative division, and the durability deterioration
mechanism of each zone in Shaanxi Province. Based on the principle of a smaller difference within the
region, a larger difference between regions and regional conjugation [38], Shaanxi Province was divided into
three first-level zones and subdivided into nine second-level zones by the weight of zoning indexes.
Detailed zoning result is shown in Table 3. According to the zoning result, the durability zoning map
of concrete structures in Shaanxi Province can be plotted as Figure 9.

Figure 9. Durability zoning map of concrete structures in Shaanxi Province, SFT, FT, MFT, SAR, AR,
MAR = severe freeze-thaw, moderate freeze-thaw, mild freeze-thaw, severe acid rain, moderate acid
rain, and mild acid rain.
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3.3.4. Environmental Conditions of Each Zone

Table 3 and Figure 9 show that, from the Freeze-Thaw Cycle Zone (Zone I) to the Neutralization
Zone (Zone III), the influence of the freeze-thaw cycle on the durability of existing concrete structures
is gradually weakened, while the influence of neutralization gradually becomes strong. Based on this,
the environmental factors and their effects on the durability of concrete structures in different zones
are comprehensively analyzed.

Freeze-Thaw Cycle Zone (Zone I)

Zone I includes Yulin, Yan’an, Northern Xianyang, and Northern Tongchuan. It has a long and
cold winter with an annual average temperature of 6.5–8.7 ◦C, annual precipitation of 330–700 mm,
and annual sunshine duration of 1550–2820 h. In this zone, the average temperature in January is
−10.5—5.0 ◦C, and the minimum temperature is −20–−30 ◦C, while the average temperature in July is
17.0–23.8 ◦C, and the maximum temperature is 35–44 ◦C. The annual frost-free period is 140–160 d,
and the relative humidity in June–August is 58–76%. The annual range of air temperature can reach
26–34 ◦C, and the annual average daily range of air temperature is 7–14 ◦C. Acid rain occasionally falls
in the southeast of this zone, with a frequency of less than 10%, and the maximum frozen soil depth is
less than 1.2 m.

Concrete structures located in Zone I suffer from freeze-thaw cycles in winter and carbonization
all year. The coupling effect of freeze-thaw and carbonization should be considered in the durability
design of concrete structures. Moreover, in the southeast of this zone, the impact of occasional acid
rain should be taken into account in the durability design of the building’s external components.

Neutralization–Freeze-Thaw Interaction Zone (Zone II)

Zone II includes Baoji, Xi’an, Weinan, most of Shangluo, south of Xianyang and Tongchuan,
and northeast of Ankang. The average annual temperature in this zone is 8.8~14.0 ◦C, and the average
temperature in January and July are −7.7~−0.8 ◦C and 14.8~27.5 ◦C, respectively. This zone enjoys
154~235 annual frost-free days and 1300~2600 h annual sunshine duration. The annual precipitation in
this zone is 450~1400 mm, and the relative humidity in June-August is 60~83%.

Concrete structures located in this zone are mainly subjected to neutralization and occasional
freeze-thaw damage. In Zone IIc, such as Fengxiang, the frequency of acid rain is relatively low, so in
this zone it is not suitable to take acid rain as a key factor in durability design. The acid rain frequency
in Xi’an, Weinan, Tongchuan, and other places located in Zone IIa is more than 30%, or even up to
50~80% in Xi’an and Xianyang. The erosion of acid rain should be considered as a key factor in the
durability design of concrete structures in this zone.

Neutralization Zone (Zone III)

Zone III mainly includes Hanzhong and most of Ankang. The average annual temperature in this
zone is 14.2~16.3 ◦C, with a small daily range of temperature. The annual precipitation is 800~1100 mm,
and the annual sunshine duration is 1550~1700 h. In most of the zone, it is sultry in summer but wet
and cold in winter, with an average temperature of 25.0~27.5 ◦C in July and −0.7~−0.6 ◦C in January,
respectively. The annual frost-free period is 231~253 d, and the relative humidity from June to August
is 74~80%. The annual number of rainfall days is about 150 d, and some areas can exceed 200 d, and the
annual snowfall days is 1~14 d.

In Zone III, the frequency of acid rain is over 30%. The durability of concrete structures in this
zone is less affected by freeze-thaw cycles. The durability damage of concrete structures is mainly
caused by concrete neutralization and becomes serious when the concrete components suffer from acid
rain erosion. Zone IIIa, represented by Ningqiang and Lueyang, is a typical acid rain disaster zone
whose acid rain frequency is up to 80%. Serious acid rain can accelerate the neutralization of concrete,
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destroy the passive film on the surface of reinforcing bars, make the reinforcing bars rust prematurely,
and cause structural damage.

4. Discussion

The environmental zonation for concrete durability is a complex problem of multi-index
evaluation [39]. In order to quantitatively solve this problem, the fuzzy clustering analysis and
rough set theory are involved, and the quantitative calculation method of the weight of the zoning
index is proposed. Compared with the existing research results [16–18], the method proposed in this
paper puts forward clear zoning indexes and quantifies them, which can avoid the subjectivity of the
selection and evaluation of the zoning indexes, and improve the quality and accuracy of the zoning
results. Meanwhile, the method proposed can scientifically zone the building environment of a specific
region, and can comprehensively reflect the influence degree of durability factors.

Based on the method established in this paper, this study takes Shaanxi Province as an example
and zones its environment, and the zoning results are well consistent with the durability deterioration
of concrete structures, which proves the rationality, effectiveness, and practicability of this method.
Thus, it can provide a scientific basis for the durability design and maintenance of reinforced
concrete structures.

However, due to the complexity of the environment affecting the durability of concrete structures,
the meteorological data and durability data collected are not sufficient, and the soil environment,
water environment, and special corrosive environment are not analyzed. For a specific situation,
a specific analysis is needed. For instance, the steel corrosion caused by chloride ion erosion should be
considered in a coastal or deicing salt environment, and the influence of an alkali-aggregate reaction,
delayed ettringite formation, and soft water erosion on durability should be considered when the
concrete structures are chronically wet or exposed to water.

With the accumulation of data and the change of environment, zonation may change dynamically
and become more precise. The follow-up research can establish the durability database to collect,
arrange, systematize, and standardize the data, which is conducive to the durability design, evaluation,
and life prediction of concrete structures.

5. Conclusions

Based on the investigation and analysis of the environmental conditions and the durability status
of concrete structures in Shaanxi Province, this paper puts forward the zoning indexes and carries out
the environmental zonation for concrete durability. The main conclusions are as follows:

(1) The environmental conditions of concrete structures in Shaanxi Province were investigated,
including atmospheric temperature, precipitation, corrosive gases in the atmosphere, and acid
rain. Generally speaking, the annual average temperature in Shaanxi Province is higher in the
south and lower in the north, which has increased slightly in the past half century. The annual
precipitation is more in the south than that in the north, and has decreased slightly in recent years.
The corrosive gas emissions show an upward trend before 2011 and a downward trend after 2011,
which is closely related to economic development and environmental governance.

(2) According to the survey results of durability of existing industrial buildings, residential buildings,
roads, and bridges in Shaanxi Province, the main factors affecting the durability of concrete
structures are freeze-thaw cycles and the concrete neutralization caused by carbonation and acid
rain erosion. According to the deterioration mechanism of concrete durability, the zoning indexes
are determined as annual freeze-thaw cycles, annual precipitation, average temperature in July,
and annual acid rainfall.

(3) Fuzzy clustering analysis and rough set theory were introduced into the environmental zonation
for concrete durability, and the weights of durability zoning indexes were calculated. Based on
this, Shaanxi Province was zoned into three first-level zones, namely the Freeze-Thaw Cycle
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Zone, the Neutralization–Freeze-Thaw Interaction Zone, and the Neutralization Zone, and these
three zones were then subdivided into nine second-level zones. The main reasons for durability
deterioration of concrete structures were analyzed according to the environmental characteristics
of each zone in the zoning map.

The method proposed in this paper can improve the quality and accuracy of environmental
zonation. It can scientifically classify the environmental conditions of specific provinces, cities, or regions,
and demonstrate the influence of durability factors in different regions. The zoning results can provide a
scientific basis for durability design and maintenance of reinforced concrete structures.
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Abstract: To promote sustainable development of civil infrastructures, minimizing environmental
impact and mobility disruptions have been elevated to a higher priority during decision-making for
bridge construction scheme. This study presents a novel temporary pylon-anchor (TPA) technology
for construction of self-anchored suspension bridges by considering not only safety performance,
but also environmental impacts. A practical assessment method and index of sustainability associated
with bridge construction technology are established to facilitate the selection of construction schemes.
The sustainability index takes the environmental impact, traffic disruption, onsite construction
materials and equipment, onsite construction cost, and onsite construction risk into consideration.
The sustainability index associated with both conventional and novel construction methods is assessed
and compared in this paper. Specifically, a novel girder-pylon antithrust system (GPAS) is proposed,
which is the crucial component of the TPA technology in engineering application. In addition,
an analytical approach is developed, considering both global load-carrying capacity and local stress
distribution within the design and construction of the GPAS. The applicability and rationality of
the proposed construction technology are illustrated by the successful application in real-world
engineering. The field tests and sustainability assessment during the construction stage reveal that the
proposed sustainability assessment method and analytical approach can facilitate the implementation
of sustainable construction for self-anchored suspension bridges by considering both construction
safety and sustainability.

Keywords: Sustainable construction; environmental impact and traffic disruptions; self-anchored
suspension bridge; design-oriented analytical approach

1. Introduction

The onsite bridge construction activities can have significant impacts on environment, mobility,
and safety [1,2]. The direct and indirect loss of environment and traffic disruptions resulting from
the bridge construction can exceed the actual cost of the structure itself [3]. For instance, full-lane
closures in large urban centers, or on highways or waterways with heavy traffic volumes, can have a
significant economic impact on commercial and industrial activities in the region [4,5]; partial lane
closures that occur alongside adjacent traffic can also lead to safety and environmental issues (e.g.,
extra CO2 emissions due to traffic detour) [6]. Sustainable construction emphasizes an efficient use
of natural resources to minimize the impacts of the built environment on the Earth and enhancing
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the quality of surrounding environment [7,8]. Because of the potential economic and safety impacts,
minimizing environment and traffic disruptions is a goal that has been elevated to a higher priority
when determining bridge sustainable construction scheme [9,10].

Self-anchored suspension bridges have found increasingly wide applications in urban bridge
engineering as a landmark, due to its attractive architectural appearance and lightweight
configuration [11–13]. Due to being anchored to the girder, the main cables could not be erected until
the girder has been built on lots of temporary supports, which inevitably causes serious impacts on
environment and traffic. This issue has emerged during the erection of several typical self-anchored
suspension bridges, such as the Yongjong Bridge in Korea [13], San Francisco–Oakland Bay Bridge in
the States [14], and Qingdao Bay Bridge in China [15]. Several new technologies were developed on
the basis of the concept of sustainable construction to solve these issues [16,17], such as temporary
earth-anchor method [18], temporary stayed cables method [19,20], and temporary compressive
strut method [21]. Although these technologies could reduce mobility impacts, the use of expensive
temporary structures (e.g., stayed cables, earth anchor, and compressive strut) increases environmental
impact and onsite construction cost. Hence, to promote the construction sustainability for self-anchored
suspension bridge, further research needs to focus on the development of the sustainable construction
through new technology and new design-oriented analytical approaches.

A practice-oriented assessment method and index of sustainability on bridge construction
technology are essential for selection of sustainable bridge construction schemes [22].
Penadés-Plà et al. [23] analyzed the life-cycle environmental impact of a prestressed concrete precast
bridge from the economic point of view, and proposed an optimization-life-cycle assessment method.
Chang et al. [24] established an index system and evaluated the sustainability of high-speed railway
construction projects. Seo et al. [25] analyzed the economic impacts of three sustainable vertical
extension methods for existing underground spaces. Although these methods could assess the
construction sustainability, the real-world application of decision making for bridge construction
schemes by considering sustainability is relatively scarce, and more studies are needed on this aspect.
Therefore, it is urgent to establish a practical assessment method and index of sustainability on
construction technology for urban bridge construction, which is addressed in this paper.

On the basis of the aforementioned studies, this study presents a novel temporary pylon-anchor
(TPA) technology to promote sustainable construction, which is suited for self-anchored suspension
bridges with the mid-span less than 300 m, three spans and two pylons. A practical assessment method
and index of sustainability on construction technologies are established to facilitate making decisions
for sustainable construction scheme. A novel girder-pylon antithrust system (GPAS) is proposed,
which is the crucial component of the TPA technology in engineering application. For the reliable
and cost-effective design of GPAS, a design-oriented two-phase framework is developed considering
global load-carrying capacity and local stress distribution. In phase I, the global shear capacity and
stiffness are designed through a set of specially derived practical formulas, which capture the main
characteristics of the slip and uplift behavior at steel-concrete joint surface within an antithrust system.
In phase II, the local stress distribution is improved based on the effects of different parameters
induced by grouped parametric analyses using 3D elaborate finite element analysis. The applicability
and rationality of the sustainable construction new technology are illustrated by the first successful
application in real-world engineering. The field tests and construction sustainability assessment show
that the proposed sustainability assessment method and design-oriented analytical approach facilitate
the implementation of sustainable construction for self-anchored suspension bridge.

2. Sustainability Assessment on Construction Technologies for Self-Anchored Suspension Bridge

2.1. Environmental Impact and Traffic Disruption Caused by Traditional Construction Technologies

As shown in Figure 1a, the traditional construction technology needs lots of temporary supports
to build girders, which inevitably causes serious environmental impact and traffic disruption.
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Figure 1. Traditional construction technologies for self-anchored suspension bridge: (a) Temporary
supports technology [13,26]; (b) temporary earth-anchor technology [18]; and (c) temporary
stayed-cables technology [19,20].

As shown in Figure 1b, for reducing traffic disruptions, the temporary earth-anchor method builds
temporary earth anchor blocks to enable a construction sequence that is similar to a conventional
suspension bridge. The technology has been applied in the Zhuyuan Bridge (33 m + 90 m + 33 m) in
China [18]. However, the building of earth-anchor also damages the surrounding environment and
produces pollution.

As shown in Figure 1c, to avoid traffic disruptions, the temporary stayed cables technology uses
temporary stayed-cables to erect girder segments, just as a cable-stayed bridge, and these stayed-cables
aren’t removed until the main cables and hangers are erected. The technology has been applied in
the E’gongyan Rail Bridge (210 m + 600 m + 210 m) in China [19], and the Duisburg Bridge [20].
Although the technology reduces both environmental impact and traffic disruption, the use of expensive
temporary structures (lots of stayed cables and heightened segments of the pylon) increases onsite
construction cost and time.

2.2. Novel TPA Technology to Improve Construction Sustainability

In this study, a novel temporary pylon-anchor (TPA) technology is proposed to solve the issue
in a safe and cost-effective manner for minimizing environment and traffic disruptions. As shown
in Figure 2, the horizontal cable force is transferred to the pylon through the side span girder and is
resisted by means of the bending bearing capacity of the pylon. Thus, the mid-span girder is lifted in
sections and connected to the hangers. After the entire girder is erected, the horizontal cable force is
transferred from the pylon to the girder, and the structure is transformed into a permanent self-balanced
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system. In this way, the permanent environmental impact and traffic disruption are eliminated during
construction, and the onsite construction cost, time, and risk are minimized.

 
Figure 2. Temporary pylon-anchor technology: (a) Construction process; (b) Gider-pylon
antithrust system.

2.3. Primary Sustainability Performance of Construction Technologies

As shown in Table 1, the traditional temporary supports technology results in not only serious
environmental impact and traffic disruption, but also high onsite construction cost, time, and risk.
Even if the temporary earth-anchor technology and stayed-cables technology reduce traffic disruption,
the other important sustainable performance still needs further improvement.

Table 1. Construction sustainability evaluation of construction technologies for self-anchored
suspension bridge.

Performance

Technology

Temporary Supports
[13,26]

Temporary
Earth-Anchor [18]

Temporary
Stayed-Cables [19,20]

The Proposed
Temporary

Pylon-Anchor

Environmental impact

Serious:
environmental damage
caused by temporary
supports’ foundation

Serious:
environmental

damage caused by
temporary

earth-anchorage

Almost none Almost none

Traffic disruption

Serious:
traffic under the bridge

is blocked by
temporary supports

Almost none Almost none Almost none

Onsite construction materials
and equipment

High:
lots of temporary

supports

High:
expensive
temporary

earth-anchorage

High:
lots of temporary

stayed-cables,
heightened segments

of pylon

Low:
cheap girder–pylon
antithrust system
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Table 1. Cont.

Performance

Technology

Temporary Supports
[13,26]

Temporary
Earth-Anchor [18]

Temporary
Stayed-Cables [19,20]

The Proposed
Temporary

Pylon-Anchor

Onsite construction time

Long:
lots of time-consuming

for erection and
removal of supports

Long:
lots of

time-consuming
for erection and

removal of
earth-anchorage

Long:
lots of time-consuming

for erection and
removal of stay-cables

and heightened
segments of pylon

Short:
Fast erection and

removal of girder–pylon
antithrust system

Onsite construction risk

High:
temporary supports

subjected to flood and
collision of vehicles

Low Low Low

2.4. Assessment Method and Index Considering Construction Sustainability

In order to facilitate decision-making for sustainable bridge construction scheme, a practical
assessment procedure is proposed as shown in Figure 3. The detailed procedure is explained as follows:

• 
• 
• 
• 
• 

• 
• 
• 
• 

• 

Figure 3. Practice-oriented assessment procedure of sustainability assessment of bridge
construction technology.

(1) Structural safety analysis

To ensure the structural safety during the entire construction processes, the global step-by-step
forward model and local 3D solid elaborate model should be analyzed for each construction technology,
respectively. The analytical approach proposed in Section 3 presents the detailed analysis procedure
and mechanical performance. The structural analysis performance includes the strength, rigidity,
stability, etc.

Through this step, those construction technologies that cannot meet the safety requirement
are excluded.
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(2) Construction sustainability assessment

Considering the various influencing factors on construction sustainability, this paper uses an
index system by considering the following aspects: Environmental impact, traffic disruption, onsite
construction materials and equipment, onsite construction cost, and onsite construction risk. Then, the
hierarchical evaluation method based on a rose chart is employed to compare sustainability associated
with different construction schemes. As shown in Figure 4, the area Si enclosed by connecting lines is
taken as analysis index of the sustainability associated with the construction technology. As indicated,
the indices of four technologies are indicated in Figure 4 for illustrative purpose, and the TPA technology
has comprehensive performance on construction sustainability.

 
Figure 4. Construction sustainability assessment.

Through step 2, the construction technology with the best sustainability is efficiently screened out.

(3) Construction economic evaluation

In this step, the direct and indirect construction cost of the most sustainable construction technology
is assessed. The comprehensive onsite construction cost is the sum of C1, C2, C3, C4, and C5. C1 is
direct and indirect losses due to environmental impact; C2 is the direct and indirect losses caused
by traffic disruption; C3 is the cost of materials and equipment in onsite construction; C4 is the cost
of onsite construction time, which is obtained by multiplying labor cost (per day) and days; and C5

represents the cost of onsite construction risks, which is quantified by multiplying insurance amount
and failure probability.

3. Design-Oriented Analytical Approach for Novel Antithrust System

As shown in Figure 2, the GPAS is the crucial component of the proposed TPA technology. In the
GPAS, the horizontal cable force is smoothly transferred from the side span girder to the pylon through
the thrust shoulder. The shear capacity and stiffness of the thrust shoulder need to be designed to meet
the construction performance requirements, and the girder and pylon should be nondestructive.

3.1. Novel Girder–Pylon Antithrust System

The GPAS can be classified on the basis of the gap width between the side span girder and
the pylon as follows: Type I (Figure 5a) for the wide gap, and Type II (Figure 5b) for the narrow
gap. A concrete side span girder is usually installed in a self-anchored suspension bridge to balance
the uplift component of cable force. Hence, grouped perfobond rib connectors [Perfobond Leiste in
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German (PBL)] and U-shaped anchor rebars are used to fasten the antithrust system to the lateral side
of the side span girder.

(1) Type I

Figure 5a shows the Type I antithrust system, consisting of a girder-side thrust shoulder,
a pylon-side thrust shoulder, and a force transmission brace located between the set of thrust
shoulders. Each thrust shoulder is composed of a grille frame, grouped PBLs, and U-shaped anchor
rebars that are welded to the two sides of the wallboard. The grille frame comprises longitudinal,
vertical, and transverse plates. The thrust shoulder is fastened to the lateral side of the side span girder
and pylon with the aid of grouped PBLs and U-shaped anchor rebars that prevent the thrust shoulders
from slip and uplift.

(2) Type II

The only difference between Types II (Figure 5b) and I is that the pylon-side thrust shoulder is
replaced by the foot brace to effectively transfer the thrust force and disperse the narrow gap stress.

 

 
(a) (b) 

Figure 5. Schematic diagram of GPAS (Girder-Pylon Antithrust System): (a) Type I antithrust system
and (b) Type II antithrust system.

3.2. Failure Modes and Mechanism of Force Transmission

The three failure modes of the thrust are considered to meet the construction performance
requirements. (I) Shear slip of PBL shear connector [27–29]: The shear slip deformation of PBL
connector is limited to ensure that the girder and pylon are nondestructive. The increase in shear
capacity after sliding is excluded in the design; (II) uplift of wallboard: Under the strong thrust force,
the out-of-plane deformation of the wallboard at the head position must be avoided; and (III) buckling
failure of grille frame: The grille frame must have sufficient rigidity in the 3D space. The overall or local
buckling of the grille frame must be avoided. No cyclic loading occurs although the structural stress
varies seriously during construction. Hence, the fatigue failure of the thrust shoulder can be ignored.

As shown in Figure 6, the horizontal cable force is transmitted to the wallboard, U-shaped anchor
rebars, and PBL shear connectors through the grille frame to achieve the force transmission between
the girder and pylon. The shear capacity of PBL shear connectors is the chief resistance for the thrust
force. The eccentric effect of the grille frame would cause the wallboard uplift at the head position,
enabling the U-shaped anchor rebars and PBL shear connectors to withstand the transverse pull-out
force for resisting the out-of-plane deformation.
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Figure 6. Mechanism diagram of force transmission of thrust shoulder: (a) Calculation scheme;
(b) Simplified calculation scheme.

The equilibrium formula is established on the basis of the calculation scheme (Figure 6a) as follows:

F =
n∑

i=1
VUi +

m∑
i=1

VPi + VF + V

T =
n∑

i=1
TUi +

m∑
i=1

TPi + TF

F ·D = HU ·
n∑

i=1
TUi −DU ·

n∑
i=1

VUi + HP ·
m∑

i=1
TPi −DP ·

m∑
i=1

VPi + HF · TF −DF ·VF

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(1)

where F is the longitudinal thrust force, D is the distance of the longitudinal thrust force from the center

of rotation in the X direction,
n∑

i=1
VUi is the total force of U-shaped rebars in the Y direction,

n∑
i=1

TUi is

the transverse (X-direction) pull-out force of U-shaped rebars, n is the number of U-shaped rebars,
m∑

i=1
VPi and

m∑
i=1

TPi are the total forces of penetrating rebar in the Y and X directions, m is the number of

penetrating rebars, VF and TF are the friction between the steel and concrete in the Y and X directions,
V and T are the reactions at the end of the wallboard in the Y and X directions, HU and DU are the
distances of the total force of U-shaped rebars from the center of rotation in the Y and X directions,
HP and DP are the distances of the total force of penetrating rebar from the center of rotation in the Y
and X directions, and HF and DF are the distances of friction from the center of rotation in the Y and X
directions, respectively.

The following simplifications are adopted to ensure design reliability and improve practicability:
The thrust force is only borne by PBL shear connectors. The internal force redistribution caused by
slip deformation is ignored, indicating that the relative increase in shear capacity after sliding can be
ignored [30]; the friction and embedment effects of the wallboard on shear resistance are ignored; and
the out-of-plane uplift of the wallboard is significant at the head zone, making it reasonable to assume
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that the transverse pull-out force is only borne by the U-shaped anchor rebars. Based on the above
simplifications (Figure 6b), Formula (1) can be simplified to Formula (2).

F =
m∑

i=1
VPi

T =
n∑

i=1
VUi

F ·D = HU ·
n∑

i=1
TUi −DP ·

m∑
i=1

VPi

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(2)

3.3. Global Design Formulas

The calculation formula of PBL bearing capacity (Vpud) provided by the design code [31] is
adopted to improve the applicability of design formula. The shear heterogeneity coefficient of PBL
shear connector α = 0.4 is considered for security redundancy [32]. The formula to estimate the number
of PBL shear connectors is derived as follows:

NP ≥ F
α ·Vpud

=
F

0.4 · (1.4 · (d2 − d2
s) fcd + 1.2d2

s fsd)
(3)

where NP is the number of PBL shear connectors, F is the longitudinal thrust force in Formula (1),
α is the shear heterogeneity coefficient, Vpud is the shear capacity of PBL shear connector under the
ultimate limit state, d is the diameter of circular hole in the steel plate, ds is the diameter of penetrating
rebar, fcd is the design value of concrete axial compressive strength, and fsd is the design value of
penetrating rebar tensile strength.

The anchorage length of U-shaped anchor rebar must reach the yield strength before anchorage
failure to meet the construction performance requirements. The design code [33] indicates that the
minimum anchorage length of HRB400 rebar adopted in this paper should be greater than 25 times the
rebar diameter. The formula to estimate the number of U-shaped anchor rebars is derived as follows:

NU ≥
F ·D +

m∑
i=1

(DPi ·Vpud)

2 ·HU ·As · fsd
(4)

where NU is the number of U-shaped anchor rebars, DPi is the distance of the ith penetrating rebar from
the center of rotation in the X direction, and As is the cross-sectional area of U-shaped anchor rebar.

The longitudinal plate of the grille frame is designed considering the rigidity criterion.
The thickness and number of longitudinal plates must ensure that the structural deformation meets
the construction requirements. The transverse and vertical plates of the grille frame are designed on
the basis of stability control criterion, and their thickness and spacing are set in accordance with the
code [34] to avoid buckling.

3.4. Design-Oriented Two-Phase Analytical Framework

As indicated in Figure 7, the design-oriented analytical framework of the girder-pylon thrust
shoulder is constructed. The detailed steps are provided as follows:

1. Lectotype

The type of antithrust system is selected on the basis of specific structural parameters, such as the
configuration and material of the side span girder and bridge pylon and the gap width between the
girder and pylon.

47



Sustainability 2020, 12, 2973

2. Determination of unfavorable construction state

Global geometric nonlinear analysis of the entire construction process is conducted through the
spatial cable and beam element finite element (FE) simulation, and the maximum design load of the
GPAS is determined.

 

s s

c c

s s

l

Beam&cable element-based  FEA 

Style selection

Dimension determination

Solid FEA 

Parameter analysis

Performance improvement

Performance Check 

D

Figure 7. Design-oriented analytical framework for girder-pylon thrust shoulder.

3. Phase I: Global design

The numbers of PBL shear connectors and U-shaped anchor rebars are determined using
Formulas (3) and (4) on the basis of the design criterion in Section 3.3. The grille frame is designed
considering rigidity and stability control criteria.

4. Phase II: Parametric study

Grouped parametric analyses are performed to reveal the effects of parameter variation on
structural performance and to improve the local performance. A high-fidelity 3D solid FE model
is established to analyze the local effect and avoid stress distortion and size disturbance effect. The
nonlinear surface contact behavior is simulated to consider the friction effect between the steel
and concrete.

5. Performance check

The performance of the parametric study in step 4 is verified using the performance indicators.
The design procedure is completed when the performance is verified, otherwise, the design is updated
using steps 3-5. The performance indicators and relative thresholds are provided as follows:

(1) The principal tensile stress of concrete σc and Mises stress of steel σs must not exceed the
limit value. {

σc ≤ [σc]

σs ≤ [σs]
(5)

where [σc] is the allowable tensile stress of concrete, and [σs] is the allowable yield stress of steel
(Detailed reference values are shown in Table 2).
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(2) The slip of PBL shear connectors must not exceed the limit value [31].

Spmax =
0.6Vpud

29
√
(d− ds)ds fckEc

≤ slim = 0.2 mm (6)

where Spmax is the maximum slip of the joint surface, slim is the slip limit, fck is the standard value of
concrete axial compressive strength, and Ec is the Young’s modulus of concrete.

(3) The deformation of grille frame must not exceed the limit value [34].

Δ ≤ l/4000 mm (7)

where Δ and l are the longitudinal displacement and design length of the grille frame, respectively.
(4) No relative deformation is found between the wallboard and the girder, that is, relative

deformation D= 0.

4. Design and Engineering Implementation

The Dongtiao River Bridge in Huzhou, China, which is a self-anchored cable-stayed-suspension
bridge with a span of 75 m + 228 m + 75 m and a semi-floating structural system (Figure 8), is used as
the illustrative example. The bridge tower is a steel structure. The steel-concrete composite girder is
used in the mid-span to reduce the self-weight, and the stay cable and prestressed concrete girder are
used in the side span to balance the thrust force transmitted from the main cable to the bridge tower.
Four sets of GPAS are used in the bridge to balance the thrust force of the side span generated during
the construction process using the proposed TPA technology. The type I GPAS is selected because the
gap between the girder and the pylon is approximately 1 m.

 
Figure 8. The global FE model of Dongtiao river bridge and the layout of GPAS: (a) Girder-pylon
antithrust system and (b) force transmission brace.
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4.1. Determination of Unfavorable Construction State

A temporary GPAS for the Dongtiao River Bridge is designed on the basis of the design procedure
in Section 3.4. A 3D beam-link-cable FE model (Figure 8) is presented for the entire construction
analysis of the structural system. Then, the construction stage analysis is conducted to obtain the
maximum thrust force of the side span girder during construction, as shown in Figure 9. With the
progress of construction, the maximum thrust force on the GPAS is 17,400 kN. The antithrust system is
installed at the two sides of pylons, and a load safety factor of 1.4 [35] is considered on the basis of
construction experience. The maximum thrust force on the unilateral antithrust system is 17,400/2 ×
1.4 = 12,180 kN, which is defined as the most unfavorable thrust force.

 
Figure 9. Thrust force variation of GPAS during the construction process.

4.2. Phase I: Global Design

The test results [36] indicated that the rebar diameter in PBL shear connectors ranges from 10 mm
to 25 mm. The PBL shear connectors, with a 60 mm diameter hole and 25 mm diameter penetrating
rebar in the hole, are arranged in 200 mm spacing along with longitudinal and transverse directions
on the basis of the construction code requirements [31]. The number of PBL shear connectors is
preliminarily calculated using Formula (8). The Twin-PBL shear connector [37] is adopted to increase
the torsional resistance and overall stiffness of PBL shear connectors. Considering that the Twin-PBL
shear connector is arranged in two-holes, 45-holes are arranged in 15-rows for each perforated rib, as
shown in Figure 10a.

NP ≥ F
α ·Vpud

=
F

0.4 · (1.4 · (d2 − d2
s) fcd + 1.2d2

s fsd)
=

12180 kN
136 kN

≈ 90 (8)

On the basis of the aforementioned design principle, the anchorage length of U-shaped anchor
rebar should be longer than 25 du, where du is the U-shaped anchor rebar diameter, and the number of
U-shaped anchor rebars should be calculated using Formula (9). As shown in Figure 10a, three groups
of six U-shaped anchor rebars with 25 mm diameter and 1.8 m length are initially designed to meet
safety redundancy. As shown in Figure 10b, the preliminary size of grille frame is proposed.

NU ≥
F ·D +

m∑
i=1

(DPi ·Vpud)

2 ·HU ·As · fsd
=

12180× 103 × 0.615 + 6.885× 106

2× 4.2× 4.9× 330× 102 ≈ 11 (9)
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(b) 

Figure 10. The layout of the thrust shoulder: (a) Grouped PBL shear connectors and U-shaped anchor
rebars, and (b) grille frame.

4.3. Phase II: Parametric Study

4.3.1. FEA

The general software package ANSYS is used to simulate the behavior of the thrust shoulder
(Figure 11). After considering the size effect and the stress distortion on the coupling nodes of different
elements [38,39], the concrete in the anchorage zone is simulated by solid element SOLID65 [40]. The
solid element SOLID92 is used to simulate the grille frame and PBL shear connectors, (including the
perforated rib and penetrating rebar), and the beam element BEAM4 is used to simulate the U-shaped
anchor rebars.

 

f

f

Figure 11. The high-fidelity 3D solid finite element model.

In order to simulate the friction between the steel and concrete (Figure 11), the nonlinear
surface-to-surface contact elements CONTA174 and TARGE170 are used to simulate three contract
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pairs (CPs), namely, CP1 between the wallboard and concrete, CP2 between the perforated ribs and
concrete, and CP3 between the penetrating rebar and concrete dowel. CONTA174 element is adopted
to the concrete surface, whereas TARGE170 element is used to the steel plate surface. The tangential
behavior is assumed via a penalty friction formulation with a friction coefficient of 0.35 [38].

The displacements in X, Y, and Z directions of the concrete anchorage zone are constrained in the
model calculation. The unfavorable thrust force is 12,180 kN, and the direction is Y-axis. The thrust
force is applied in the form of surface load to ensure the model load accuracy.

The material properties are shown in Table 2. The material of the grille frame, wallboard, and
perforated rib is Q345C. The material of the penetrating and U-shaped anchor rebars is HRB400, and
that of the concrete is C50. The nonlinear behavior of materials is considered to increase the accuracy of
FE simulation. The uniaxial stress–strain relationship of concrete in compression is obtained using the
Hongnestad model, and incorporated into the FE model with Multi-linear Isotropic Hardening (MISO)
option. The linear model of concrete in tension is adopted for the relationship between stress and
strain. After crack resistance strength, the tensile stress linearly reduces to zero toward the ultimate
strain because of the softening of concrete in tension (Figure 11) [41]. The stress–strain relationship
of steel components is regarded as elastic-perfectly-plastic, and incorporated into the FE model with
Bilinear Kinematic Hardening (BKIN) option. The assumed stress–strain curve of steel is shown in
Figure 11, which is assumed to be a bilinear curve, including the strain hardening effect on the tension
and compression sides [41].

Table 2. Material properties.

Material Grade
Compressive
Strength/MPa

Tensile
Strength/MPa

Yield
Strength/MPa

Young’s
Modulus/GPa

Structural steel Q345C 270 270 345 210
Rebar HRB400 330 330 400 200

Concrete C50 22.4 1.83 - 34.5

4.3.2. Parametric Analysis

Various FE models are used in the parametric analysis to examine the effects of penetrating rebar
diameter (PD), hole space on the perforated rib (PS), diameter (UD) and length (UL) of the U-shaped
anchor rebar, number of longitudinal plates (NL), and number of transverse plates (NT) of the grille
frame. The test model T1 is established on the basis of the preliminary design, and all model parameters
are listed in Table 3.

Table 3. Grouped models for parametric analyses.

Specimens PS (mm) PD (mm) UL (mm) UD (mm) NL NT

T1 200 25 1800 25 2 5
T1-PD-20 200 20 1800 25 2 5
T1-PD-22 200 22 1800 25 2 5
T1-PD-28 200 28 1800 25 2 5
T1-PD-32 200 32 1800 25 2 5
T1-PS-100 100 25 1800 25 2 5
T1-PS-150 150 25 1800 25 2 5
T1-PS-250 250 25 1800 25 2 5
T1-PS-300 300 25 1800 25 2 5
T1-UD-20 200 25 1800 20 2 5
T1-UD-22 200 25 1800 22 2 5
T1-UD-28 200 25 1800 28 2 5
T1-UD-32 200 25 1800 32 2 5

T1-UL-1600 200 25 1600 25 2 5
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Table 3. Cont.

Specimens PS (mm) PD (mm) UL (mm) UD (mm) NL NT

T1-UL-2000 200 25 2000 25 2 5
T1-UL-2200 200 25 2200 25 2 5
T1-UL-2400 200 25 2400 25 2 5

T1-NL(3)-NT(5) 200 25 1800 25 3 5
T1-NL(4)-NT(5) 200 25 1800 25 4 5
T1-NL(5)-NT(5) 200 25 1800 25 5 5
T1-NL(2)-NT(4) 200 25 1800 25 2 4
T1-NL(2)-NT(6) 200 25 1800 25 2 6
T1-NL(2)-NT(7) 200 25 1800 25 2 7

Effects of Penetrating Rebar Diameter and Perforated Rib Hole Spacing

To investigate the effect of penetrating rebar diameter and perforated rib hole spacing on the
yield stress of the penetrating rebar, five types of penetrating rebar diameter PD and hole spacing PS,
as shown in Table 3, are considered, respectively.

Figure 12a,b illustrate the effects of diameter and hole spacing on Mises stress of the penetrating
rebar at the first column, respectively. As shown in Figure 12a, the peak Mises stress appears in the
12th row position, thereby indicating that the middle PBL shear connectors bear a large thrust force.
As shown in Figure 12b, the maximum stress value of the penetrating rebar is less than that of other
spacing when the hole spacing is 100 mm, indicating that the spacing between holes is extremely
short, and the PBL shear connectors do not exert the maximum effect. The peak stress appears and
moves to the loading side when the hole spacing is greater than 200 mm, indicating that the PBL shear
connectors exert the maximum effect under the structural size constraint. The results of FE analysis are
consistent with the design formulas deduced in phase I, and the reliability of Formula (3) is verified.

  

Figure 12. Comparison of PBL performance with different parameters: (a) Effect of diameter on Mises
stress of penetrating rebar at 1st column; (b) effect of hole spacing on Mises stress of penetrating rebar
at 1st column.

Effects of the Diameter and Length of U-Shaped Anchor Rebar

Five types of diameter UD and length UL are considered to investigate the effects of the diameter
and length of U-shaped anchor rebar on tensile stress, as shown in Table 3. Figure 13a shows the
effect of diameter on the tensile stress of U-shaped anchor rebar. The maximum stress of the U-shaped
anchor rebar gradually decreases with the increase in diameter. Figure 13b shows the effect of length
on the tensile stress of U-shaped anchor rebar. The maximum tensile stress of the U-shaped anchor
rebar slowly decreases with the increase in length. The maximum stress decreases 84 and 42 MPa when
the diameter and length of U-shaped anchor rebar vary from 22 mm to 32 mm and from 1.6 m to 2.4 m,
respectively, indicating that diameter plays a great role in the tension capacity of the U-shaped anchor
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rebar. This condition is mainly due to the fact that the maximum tensile stress appears in the weld
between the U-shaped anchor rebar and the wallboard, and the increase in the diameter of U-shaped
anchor rebar leads to the increase in the butt weld area.

  

F F

Figure 13. Comparison of tensile stress of U-shaped anchor bars in different (a) diameters and
(b) lengths.

Effects of the Number of Grille Plates

The grille frame transmits the thrust force to the wallboard through several soldering seams
connected between the longitudinal plates, transverse plates, and the wallboard. The effect of the
number of different kinds of plates on the thrust-sharing proportion of the grille frame, as shown in
Table 3, are considered to investigate the optimal number of each kind of plates.

The thrust-sharing proportion of the longitudinal plate exceeds 80%, and the transverse plates
do not exceed 20%, as shown in Figure 14, indicating that the longitudinal plate is the important
force transfer component. The thrust-sharing proportion transmitted by the two components does not
significantly vary with the increase in the number of longitudinal and transverse plates.

Figure 14. Effect of number of plates on thrust-sharing proportion.

4.3.3. Performance Improvement

In this section, the global design of phase I is improved on the basis of the aforementioned
parametric analyses. The design of PBL and U-shaped anchor rebar is the key factor affecting the
thrust shoulder performance. The stress is more sensitive to the change of hole spacing and diameter
of U-shaped anchor rebar, so special attention should be paid to the selection of their sizes. However,
the number of grille plates is not a key factor, and the change of the number has little effect on the
thrust-sharing proportion of each component. Therefore, according to the results of parameter analysis
and considering the safety redundancy of the structure, the improved parameters are as follows: (1) The
penetrating rebar diameter is 25 mm, and the hole spacing is 200 mm; (2) the diameter of U-shaped
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anchor rebar is 28 mm, and the length is 2 m; and (3) the number of plates in each component of grilles
frame is consistent with the global design of phase I. The improved structural performance analysis is
provided as follows:

PBL Shear Connectors

Figure 15 shows the Mises stress distribution of the PBL shear connectors. The Mises stress of the
PBL shear connectors is less than that of the yield strength, and the maximum stress is 28 MPa, which
occurs at the 12th row of the first column. For the PBL shear connectors in the same row, the stress on
the side close to the wallboard is greater than that on the side far from the wallboard, and shear of the
first row is the most disadvantageous.

Figure 15. Mises stress distribution of the PBL shear connectors (unit: Pa).

Figure 16 shows the shear force and slip of PBL shear connectors at the first column. The shear
force of PBL connectors is first increased, and then decreased with the increase in the row number.
The maximum slipping value is 0.05 mm, thereby showing a gradually decreasing trend. The slip
value is less than 0.2 mm, thereby meeting the design requirements of Formula (6).

 
Figure 16. Shear force and slip of PBL shear connectors at 1st column.

U-Shaped Anchor Rebar

Three sets of anchor rebars are found on the inner side of the wallboard, where each set has six
rebars for a total of 18 U-shaped anchor rebars. The stress value and group-sharing proportion of
U-shaped anchor rebar are shown in Figure 17a,b.

As shown in Figure 17a, the maximum tensile stress of U-shaped anchor rebar is 228 MPa, which
is less than the threshold value of 330 MPa. The maximum tensile stress appears at the first group
of U-shaped anchor rebar near the loading side. The tensile stress gradually decreases because the
U-shaped anchor rebar position is far from the loading side. The group-sharing proportion of U-shaped
anchor rebar is uniform, indicating that all U-shaped anchor rebars undertake the out-of-plane
deformation of the wallboard.
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Figure 17. Stress and group-sharing proportion of U-shaped anchor rebar: (a) Tensile stress and
(b) shear stress.

As indicated in Figure 17b, the maximum shear stress at the weld of U-shaped anchor rebar
is 107 MPa, which is less than the limit value of 175 MPa and meets the safety requirements. The
maximum shear stress at the weld appears at the first group of U-shaped anchor rebar near the loading
side. The maximum shear stress significantly decreases with the U-shaped anchor rebar position away
from the loading side. At the same time, the group-sharing proportion among the groups is uneven.
The group-sharing proportion among the first group is more than 50%, and the proportion of the third
group is only 10%, thereby indicating that the U-shaped anchor rebars provide shear bearing reserve.

Grille Frame

Figure 18 shows the maximum Mises stress change in the grid frame during construction.
The Mises stress of the grille frame under thrust force is less than the yield strength of 345 MPa.
The maximum Mises stress is 201 MPa, which appears at the weld between the transverse and
longitudinal plates near the loading side. This condition is mainly because the longitudinal plate is
bent and deformed, resulting in the stress concentration caused by the limited internal displacement.
Meanwhile, the Mises stress in the rest of the grille frame is significantly reduced. The plates of the
entire grille frame have low stress, thereby meeting the criterion in Table 2. Meanwhile, the maximum
displacement of the grille frame in the Y direction is 0.365 mm, which is less than the limit value
calculated using Formula (7).

 
Figure 18. Mises stress of the grille frame.

Concrete Anchorage Zone

As shown in Figure 19, the maximum principal tensile and compressive stresses in the concrete
anchorage zone are 1.46 and 17.4 MPa, which are less than the limit values of 1.86 and 22.4 MPa,
respectively. The maximum tensile and compressive stresses occur at the joint of the wallboard and
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concrete, where an obvious stress concentration phenomenon occurs, and the tensile and compressive
stresses of concrete far from this area significantly decrease.

 
Figure 19. Stress in anchorage zone of concrete side span beam.

4.4. Field Test and Verification

As shown in Figure 20a,b, the designed girder–pylon thrust shoulders have been successfully
applied to help facilitate the implementation of sustainable construction of the Dongtiao River Bridge.
For field tests, three stress measuring points are arranged on the grille frame to monitor the stress
changes during the construction. Figure 20c,d shows the comparison of the measured and calculated
stress values at points 1, 2, and 3. The grille frame stress is constantly in the safe range, and the
variation tendencies of the measured and calculated values are the same. The measured values are
slightly larger than the calculated values because of the measurement errors and construction load
uncertainty. The errors of the calculated and measured values are within 10 MPa and are in good
agreement, verifying the accuracy of the proposed analytical framework.

  

  

Figure 20. Field tests: (a) Girder-pylon antithrust system; (b) force transmission brace; and (c,d)
calculated and measured results of the longitudinal stresses of the grille frame.
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5. Result Discussion on Construction Sustainability

The proposed TPA technology enables a construction sequence that is similar to the construction
of conventional suspension bridge, where the main cable is first erected, and the mid-span girder is
lifted in sections and connected to the hangers (Figure 21a). In this way, the ship navigation during
the construction period avoids interruptions (Figure 21b). Without the need for temporary supports,
the TPA technology enables to minimize environmental impact and traffic disruption during the
construction stage.

Figure 21. Construction sustainability evaluation: (a) Hoisting girder segments; (b) channel operation
during construction; and (c) economic evaluation for construction.

A comprehensive onsite construction cost is evaluated for the engineering practice. As shown in
Table 4, the traffic disruption has been minimized to 76 hours during the entire 4 months period of
girder erection. The environmental impact on the navigation channel can be eliminated. The total
onsite construction time is significantly reduced to 21 days. In Table 4, materials for the GPAS include
steel (ton) and reinforced bar (ton), and the equipment for erection and removal of GPAS includes arc
welder (set) and plasma cutting machine (set).

To compare sustainability among four construction technologies, the comprehensive onsite
construction costs are calculated. As shown in Figure 21c, the total cost of TPA technology is the least,
which accounts for 27%, 28%, and 34% of the total cost of TS, TEA, and TSC technology, respectively.
In particular, the TPA technology significantly reduces the cost of environmental and traffic impact
compared with other technologies, indicating that the impact on the environment and traffic is
relatively small. Meanwhile, in terms of onsite materials and equipment, construction time and risk,
TPA technology also offers obvious economic advantages.
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Table 4. Comprehensive onsite construction cost of TPA technology.

Division of Construction Unit Quantity
Unit price

(USD)
Cost

(USD)
Sum

(USD)

Environmental impact (C1) 56,838 56,838

Traffic disruption (C2) Hour 76 412 31,312 31,312

Onsite
construction

materials and
equipment (C3)

GPAS
Materials

Steel ton 7.87 584 4596

80,400
Reinforcing bars ton 0.8 541 433

Equipment
Arc welder Set 2 5870 11,740

Plasma cutting
machine Set 2 21,428 42,856

Other Set 15 1385 20,775

Onsite construction time (C4) Day 21 8405 176,505 176,505

Onsite construction risk (C5)
TPGA 22,600 22,600

Total (C) 367,655

6. Conclusions

To promote sustainable construction within real-world application, a comprehensive research
is studied in the paper on sustainable construction by using novel technology for self-anchored
suspension bridge. The main conclusions and innovation points are summarized as follows:

1. A novel temporary pylon-anchor (TPA) technology is proposed to minimize environmental
impact and traffic disruption. A novel girder-pylon antithrust system (GPAS) is developed to achieve
the engineering application for the TPA technology. The new TPA and GPAS technology could
efficiently improve the construction sustainability.

2. A practical assessment method and index of sustainability on bridge construction technology
are established to facilitate decision making for sustainable construction scheme. This paper creates an
evaluation index system by considering different aspects: Environmental impact, traffic disruption,
onsite construction materials and equipment, time, and risk.

3. A two-phase analytical approach for the GPAS is proposed by considering the global design
and parametric study. In phase I, the global design of thrust shoulder is performed using a set of
specially derived practical formulas. Various performance indicators are established to ensure the
applicability and global reliability of the thrust shoulder. In phase II, the local stress distribution is
improved based on effects of different parameters induced by grouped parametric analyses using 3D
elaborate finite element analysis, which simulates the nonlinear surface contact behavior to consider
the friction effect between the steel and the concrete.

4. The applicability and rationality of the proposed novel construction technology are illustrated
by the successful application in real-world engineering. The field tests and sustainability assessment
show that the proposed sustainability assessment method and analytical approach can facilitate the
implementation of sustainable construction for self-anchored suspension bridge.

All in all, this research lays a solid and comprehensive basis to promote construction sustainability
for self-anchored suspension bridge.
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Abstract: The optimization of the cost and CO2 emissions in earth-retaining walls is of relevance,
since these structures are often used in civil engineering. The optimization of costs is essential for
the competitiveness of the construction company, and the optimization of emissions is relevant in
the environmental impact of construction. To address the optimization, black hole metaheuristics
were used, along with a discretization mechanism based on min–max normalization. The stability
of the algorithm was evaluated with respect to the solutions obtained; the steel and concrete values
obtained in both optimizations were analyzed. Additionally, the geometric variables of the structure
were compared. Finally, the results obtained were compared with another algorithm that solved the
problem. The results show that there is a trade-off between the use of steel and concrete. The solutions
that minimize CO2 emissions prefer the use of concrete instead of those that optimize the cost. On the
other hand, when comparing the geometric variables, it is seen that most remain similar in both
optimizations except for the distance between buttresses. When comparing with another algorithm,
the results show a good performance in optimization using the black hole algorithm.

Keywords: CO2 emission; earth-retaining walls; optimization; black hole; min–max discretization

1. Introduction

The economic sustainability and social development of most countries depend directly on the
reliable and lasting behavior of their infrastructure [1]. Infrastructures have special relevance because
they strongly influence economic activity, growth, and employment. However, these activities
have a significant impact on the environment, have irreversible effects, and can compromise the
present and future of society. It is known that construction is a carbon-intensive industry [2];
therefore, the minimization of emissions is increasingly important to reduce the environmental
impact of construction projects. Looking further, we find that cement is one of the materials that
generates large amounts of emissions. A large amount of emissions is mainly due to the calcination
process of the limestone together with the high energy demand necessary for its production [3].
Therefore, the optimization of structures that use large amounts of cement is critical. Consequently,
it is essential to develop lines of research in sustainable construction [4,5], energy consumption [6,7],
and in the study of the cycle of the CO2 emissions made by concrete structures [8]. The great
challenge is to have an infrastructure capable of maximizing its social benefit without compromising
its sustainability [9].

The standard procedure [10] to perform the economic estimation of structures is based on
a trial-and-error approach. This approach is necessary because the dimensions of the cross-section
and the material grades are defined a priori. This involves analyzing the stresses and calculating
the effort required in each material configuration. This standard procedure is slow and expensive.
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Particularly in the case of a wall, there are a number of parameters that must be taken into account,
such as boundary conditions, the type of filling, the friction base angles, load capacity of the base of
the ground, and surcharge loads.

On the other hand, the emissions of CO2 constitute an important portion of the contribution to the
global warming process of the planet. In particular, approximately 40%–50% of global GHG emissions
are generated by construction [11]. In addition, the cement industry releases 5% of global GHG
emissions [12]. Therefore, sustainability and specifically the use of high-carbon-footprint products
in structural engineering is a relevant line of research. At present, the consumption of CO2 has been
investigated by considering it as an objective function within an optimization problem. Particularly
in [13], the optimization of CO2 consumption in walls was analyzed using the harmony search
algorithm. In [14], the impact of CO2 on cantilever retaining walls was studied. A CO2 and cost
analysis in precast–prestressed concrete road bridges was developed in [11]. The study of a sustainable
prototype for reinforced concrete columns was proposed in [15]. In this study, heuristic methods of
optimization of CO2 emissions were applied. In [16], the importance of the criteria that define social
sustainability was analyzed. These criteria considered the complete life of infrastructure. The social
sustainability of infrastructure projects was tackled in [17] through the use of Bayesian methods.
In [18], an optimization was studied based on the cost criterion of reinforced concrete-retaining walls.
The study considered using different types of load capacity estimates. The life cycle assessment of
earth-retaining walls was analyzed in [19,20]. In [21], a stochastic analysis of the emissions of CO2 was
developed and applied to construction sites. The relevance of carbon emissions and low-emission
window films on energy spending was studied in [22] and applied to an existing UK hotel building.
In [23], a methodology was built for the investigation of carbon emissions in a hospital building,
which allowed the generation of an information model and an evaluation of its life cycle. In [24],
an optimization of reinforced concrete columns was optimized considering several environmental
impact assessment parameters.

To solve large-scale and highly non-linear optimization problems, metaheuristic algorithms,
which have demonstrated their efficiency and versatility, have been used [25]. There has been a lot
of research in the area of metaheuristics in recent years, and a large number of algorithms have
been developed.

Most of these algorithms have been inspired by physical, chemical, and biological systems [26].
As examples of these heuristic search algorithms that belong to this category, we find particle
swarm optimization (PSO), harmony search (HS) [27], threshold acceptance (TA), simulated
annealing (SA) [28,29], threshold acceptance (TA), genetic algorithms (GA), ant colonies (ACO),
genetic algorithms (GA), whale optimization (WO), cuckoo search (CS), and black hole (BH),
among others. The use of metaheuristic algorithms in sustainability and construction has been
used, for example, in [30], where they applied heuristic methods to the study of reinforced concrete
road vaults; in addition, a metaheuristic was applied to the problem of decision making in [31].
In [32], a mathematical model was developed with the goal of improving environmental economic
policies. This model was applied to a protection zone. A survey of the social sustainability evaluation
applied to the infrastructures was developed in [33]. However, we must consider that many of the
metaheuristics work in continuous spaces. Researchers have been developing techniques to obtain
discrete or binary versions of these metaheuristics. For more details on binarization techniques,
the reader can consult [34–36].

In this article, inspired by the aforementioned, we explore the application of a binary black hole
algorithm to solve the optimization of counterfort retaining walls. The contributions of this work are
detailed below:

1. An adaptation of the BH optimization technique to work in discrete environments.
Naturally, BH works in continuous spaces. Here, an adaptation is proposed using the concept
of optimal approach velocity and a min–max normalization, which allows the velocity to be
transformed into a transition probability.
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2. The application of the discrete version of BH to the counterfort retaining walls optimization problem.
This optimization considers the objective function, the costs, and the CO2 separately.

3. The impact of the relevant design variables is studied, both in costs and in CO2 emission.

In Section 2, the optimization problem, the variables involved, and the restrictions are defined.
The algorithm that executes the optimization is detailed in Section 3. The experiments and results
obtained are shown in Section 4. Finally, in Section 5, the conclusions and new lines of research
are summarized.

2. Problem Definition

In this section, we will detail the buttressed earth-retaining walls optimization problem.
In Section 2.1, we will give the definition of the optimization problem. Later, in Section 2.2, we will
detail the design variables. Then, the design parameters will be described in Section 2.3, and finally,
in Section 2.4, we define the constraints.

2.1. Optimization Problem

The optimization problem considers two objective functions, which will be addressed
independently. The first function corresponds to the cost (pi) of the wall construction, expressed in
euros. The second one considers the CO2 equivalent emissions units (ei). These construction units
correspond to formwork, materials, earth-fill, and excavation. The calculations of emissions and
cost are based on a 1 m wide strip. The emission and cost unit values were obtained from [13,37]
and are shown in Table 1. Then, in a general way, our optimization problem is defined according to
the Equation (1).

O(x) =
r

∑
i=1

aixi, (1)

where x represents the measurement of the set of decision variables, and a ∈ {c, e} corresponds to cost
or emissions. Additionally, the optimization problem is subject to a set of restrictions determined by
the service (SLS) and ultimate (ULS) state limits.

Definition 1 ([10]). Definition of costs and emissions.

Table 1. Unit breakdown by unit cost, emissions, and cost. Source: [10].

Unit Cost (e) Emissions (CO2-eq)

kg steel B400 0.56 3.02
kg steel B500 0.58 2.82

m3 of concrete in stem

C25/30 56.66 224.34
C30/37 60.80 224.94
C35/45 65.32 265.28
C40/50 70.41 265.28
C45/55 75.22 265.91
C50/60 80.03 265.95

m2 stem formwork 21.61 1.92
m3 of backfill 5.56 28.79

m3 of concrete in foundation

C25/30 50.65 224.34
C30/37 54.79 224.94
C35/45 59.31 265.28
C40/50 64.40 265.28
C45/55 69.21 265.91
C50/60 74.02 265.95
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2.2. Problem Design Variables

In the design of the buttressed retaining wall to be studied, three groups of variables are defined:
The geometric variables, the concrete and steel grade, and the passive reinforcement of the footing
and the stem of the wall. In total, there are 32 variables, where each of these has a discrete number of
possibilities in the group of concrete and steel grades. For the realization of this study, Portland cement
was considered, as it is the most widely applied in the construction of walls. Types C25/30 to C50/60
were considered in discrete 5 MPa intervals. Other types of cements with different additions could
give different environmental results. In the case of steel, the B500S and B400S types were considered.
In its production phase, the recycled scrap is considered approximately 40% of the total, and the
manufacturing is done in an electric arc furnace. Therefore, the technology in the manufacture of steel
and cement, as well as the nature of cement additions, influence CO2 emissions [38] and affect the
values in Table 1.

In the group of geometric variables, there is the stem thickness (b), the footing thickness (c),
the distance between buttresses (d), the toe length (p), the buttress thickness (ec), and heel length (t).
The last group of variables correspond to the passive reinforcement of the footing and the stem of the
wall. Figures 1 and 2 show the 24 variables that define the problem.

The steel bar diameters and the number of bars determine the reinforcement. A1, A2, and
A3 define the three reinforcement flexural bars that contribute to the main bending of the stem.
A4 defines the vertical reinforcement of the foundation at the rear side of the stem, up to a height
L1. A5 provides the secondary longitudinal reinforcement for shrinkage and thermal effects on the
stem. A6 provides longitudinal buttress reinforcement. A7 and A8 define the area of reinforcement
bracket from the bottom of the buttress, vertically and horizontally, respectively. A9 provides the
upper heel reinforcement. A10 defines the longitudinal effects on the toe. A11 provides the bottom
heel reinforcement, and A12 defines the shear reinforcement on the footing. Table 2 shows the ranges
of the values for the 32 variables in the problem, and the set of combinations of these values constitutes
the solution space.

Figure 1. Set of reinforcement variables. Source: [10].
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Figure 2. Buttressed wall. Cross-section of the floor. Source: [10].

Definition 2 ([10]). Definition of design variables.

Table 2. Design variables. Source: [10].

Variables Lower Bound Upper Bound Increment N of Values

c H/20 H/5 5 cm f(H) 1

d H/5 cm 2H/3 5 cm f(H) 1

b 25 cm 122.5 2.5 cm 40
p 20 cm 610 10 cm 60
t 20 cm 905 15 cm 60
ec 25 cm 122.5 2.5 cm 40
fck 25, 20, 25, 40, 45, 50 7
fyk 400, 500 2

A1 to A10 6, 8, 10, 12, 16, 20, 25, 32 8
1 steel rebar 12 rebars 2 rebars 6

A11 to A12 6, 8, 10, 12, 16, 20, 25, 32 8
1 steel rebar 4 rebars 10 rebars 7

1 Depending on height.

2.3. Problem Design Parameters

The design parameters of the problem are the data that will take constant values in the
optimization process. The main design parameters are shown in Figure 3. H and H2 represent
the wall height and the soil depth in front of the wall. The base coefficient of friction is represented
by μ, the maximum support pressure for operating conditions is σ, and the backfill slope at the top
of the rod is represented by β. The maximum bearing capacity considered in the soil foundation is
the ultimate bearing pressure divided by the bearing capacity safety factor. The pressure angle of the
earth is determined by P (γ, φ, δ), corresponding to the density, the angle of friction, and the angle of
internal friction. Finally, a part of φ defines the roughness between the wall and the filling. The values
of the problem design parameters are shown in Table 3.
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Figure 3. Problem design parameters. Source: [10].

Definition 3 ([10]). Definition of design parameters.

Table 3. Problem design parameter values.

Parameter Considered Value

Bearing capacity 0.3 MPa
Fill slope 0

Foundation depth, H2 2 m
Uniform load on top of the fill, γ 10 kN/m2

Base-friction coefficient, μ tg 30◦
Wall-fill friction angle, δ 0◦

Safety coefficient:

against sliding, γ f s 1.5
against overturning, γ f o 1.8

for loading (EHE) Normal
of steel (ULS) 1.15

of concrete (ULS) 1.5

Ambient exposure IIa

2.4. Problem Constraints

The feasibility of the structure is verified in accordance with the Spanish technical standards
defined in [39] and the recommendations detailed in [40]. The flexural and shear limit states are
checked. The structure is verified in accordance with the approach specified in [41]. To check the
structure limit states, a uniform surface load at the top of the fill is considered [42]. For the active
earth pressure calculation, the surface loads and fill are considered. The major forces in wall analysis
consider wall weight, heel backfill load, surface load, earth pressure, weight at the front toe, and passive
resistance against the toe. Buttresses receive a load equivalent to the product of the distance between
the buttresses by the pressure distribution in the stem.
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The structural model considers that the upper part of the stem works as a cantilever, while the
lower part of the stem is strongly coerced by two elements: The footing and the lower part of the
buttress, located at the rear of the stem. Calculations of the bending moments are taken in the
midsection between the buttresses and are given by B1 and B2, described in Equations (2) and (3),
respectively.

B1 = −0.03p1d(H − c) (2)

B2 = −0.0075p1d(H − c). (3)

B1 is the bending moment at the connection of the stem to the footing, B2 is the maximum bending
moment on the stem, and p1 represents the pressure over the slab on the upper side of the footing.
When the spacing of the buttresses is less than 50% of the height, Equation (4) defines the shear
resistance (s) at the connection of the plate to the footing. For an accurate estimate of the moments in
each section of the stem, as a result of the vertical bending stress in the stem, the trapezoidal pressure
distribution is considered [41]. A total of 50% of the maximum pressure at the top of the foundation is
taken as the maximum value. Taking into account the vertical bending moment in the upper quarter
part of the stem may be insignificant due to the involvement of [41].

s = 0.4p1d (4)

Verification of the bending stress in the T-shaped horizontal cross-section is made considering
the effective width according to [43]. Mechanical bending and shear capacity are evaluated using
the equations expressed in [42]. In this manual, the construction limit states of the EHE Structural
Concrete Code are considered. The checks against sliding, overturning, and soil stresses are carried out
taking into account the effect of the buttresses, and are given in Equations (5)–(7). In the overturning
check, Equation (5) ensures that the favorable overturning moments are sufficiently greater than the
unfavorable overturning moments. In Equation (6), Bo f is the total favorable overturning moment.
In Equation (7), Bou is the unfavorable total overturning moment, and the overturning safety factor is
γto and is taken as 1.8 for frequent events. Equation (8) represents the reaction of soil against sliding.
As μ is the base-friction coefficient, N′ corresponds to the total sum of the ground and wall weights
located at the heel and toe, and Ep determines the passive resistance against the toe defined by the
Equation (9).

Bo f − γtoBou ≥ 0 (5)

Bo f = N′(B
2
− ep)− Ep(Ht − h′) (6)

Bou = Eh ∗ he − Eν(
B
2
− f ) (7)

R = N′μ + Ep (8)

Ep =
1

2γ(H2
t − (Ht − c))2

(1 + sin(φ))
(1 − sin(φ))

(9)

3. The Discrete Black Hole Algorithm

Using the analogy with a black hole, in [44], the Black Hole optimization algorithm was proposed.
A region of space that concentrates a large amount of mass—therefore, there is no way for an object to
escape from it—is considered a black hole. This same concept is used in the black hole optimization
algorithm. In each iteration of the algorithm, best candidate is considered, and this is assigned as
a black hole. Making the analogy, the selected candidate begins to attract other solutions. A solution is
attracted to the black hole when the solution is too close to it, and disappears forever. A new solution
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is generated in this case. Then, the movement of a solution in the search space is conditioned by the
black hole according to the Equation (10).

xd
i (t + 1) = xd

i (t) + r[xd
BH − xd

i (t)], ∀i ∈ {1, ..., N}, (10)

where N is the total number of solutions. xd
i (t) and xd

i (t + 1) define the i-th component obtained in
the iterations t and t + 1. Finally, xd

BH represents the d-th component of the best solution obtained.
The black hole pseudo-code is detailed in Algorithm 1.

R =
fBH

∑N
i=1 fi

(11)

Algorithm 1 Black Hole Algorithm

1: Initialize solutions
2: Select black hole xBH
3: while Iteration < MaxIteration do

4: for all X ∈ particle do

5: apply objective movement operator
6: apply objective function fX
7: if fX < fBH then

8: Replace the black hole with the new best solution
9: end if

10: if R > d(X, BH) then

11: Generate random new solution
12: end if
13: end for
14: end while

The Discrete Algorithm

BH works in a natural way in continuous spaces, and, consequently, it must be adjusted to
work properly in discrete spaces. The first step is to consider the velocity of the solution, which is
x(t + 1) − x(t) and to normalize the vector using a min–max procedure. Subsequently, whether each
component xd of the solution should be modified or not is evaluated. This is done through comparison
with a random number r1. In the case that change is selected, the movement can increase the value (+1)
or decrease it (−1). Finally, the selected value is compared with the value obtained by BH and remains
with the minimum of the two. The pseudocode of the binary procedure is shown in Algorithm 2.

Algorithm 2 Discrete Algorithm

1: movement = 0
2: nx <–normalize solution
3: if r1 < nxd then

4: if r2 > 0.5 then

5: movement = 1
6: else

7: movement = -1
8: end if
9: xd = max(1,min(xd

bh,xd+movement))
10: end if

70



Sustainability 2020, 12, 2767

4. Results and Discussion

4.1. Wall Height Analysis

In this section, we will analyze the influence of wall height on the CO2 emissions and cost of the
structure. The experiment consists of varying the height of the wall from 6 to 15 m with intervals
of 1 m, keeping the rest of the parameters constant. For each height, the algorithm was executed
30 times, minimizing the cost. Subsequently, the same procedure was performed, but minimizing CO2

emissions. The results are shown in Figures 4 and 5 as well as Table 4.
In Figure 4, the green color represents the best value of the 30 executions that minimized the cost.

The best value obtained by minimizing CO2 emissions is shown in blue. The size of the point quantifies
the deviation of the variable not optimized with respect to the optimum obtained. For example, for the
height of 6 m, the optimum cost value was 593, and the value of CO2 emissions obtained for that
solution was 1270. The minimum emissions obtained were 1259; therefore, the emission deviation gets
Emission from optimum% = 100 ∗ 1270−1259

1259 .
The figure shows that for small heights, the deviations of CO2 emissions from the optimum are

minimal. From the height of 8 m, these begin to grow, obtaining the maximum deviation at the height
of 11 m. When analyzing the deviations of the cost variable from its minimum, we see that it has
a similar behavior to that in the case of CO2 emissions.

In the second experiment, instead of plotting the minimum of the 30 executions, we will graph
the average of these. The result is shown in Figure 5. The objective of this experiment is to analyze the
stability of the solutions obtained by the algorithm when we consider different heights. In both series
of points up to the height of 11 m, the average values vary less than 2% with respect to their minimum.
From 11 m onwards, this variation increases, reaching over 10% with respect to the minimum in the
case of 15 m. When we analyze the area of the points, we see that the series of points in green grows
significantly unlike the blue one, which maintains a behavior similar to that of the Figure 4.

Table 4. Analysis of cost and emission optimization performed by the black hole (BH).

Height (m) Opt. Cost Emissions Cost Opt. Emissions Cost from Optimum Emissions from Optimum

6 593 1270 607 1259 2.36% 0.87%
7 679 1455 694 1441 2.21% 0.97%
8 774 1706 795 1659 2.71% 2.83%
9 912 2046 930 1998 1.97% 2.40%
10 1096 2589 1135 2478 3.56% 4.48%
11 1309 3249 1407 3060 7.49% 6.18%
12 1533 3841 1600 3716 4.37% 3.36%
13 1783 4602 1876 4471 5.22% 2.93%
14 2052 5523 2163 5291 5.41% 4.38%
15 2363 7116 2491 6788 5.42% 4.83%
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Figure 4. Variation and dispersion of best costs and CO2 emissions by the height of the wall.

Figure 5. Variation and dispersion of average costs and CO2 emissions by the height of the wall.

4.2. Design Variable Analysis

This section aims to study the variations of geometric, concrete, and steel variables when we
perform cost and emission optimizations. In the first analysis, we will consider the geometric variables.
The results are shown in the Figures 6 and 7. In Figure 6, the optimal values of the geometric variables
for different heights of the wall are shown. The figure shows that stem, footing, and buttress thicknesses
suffer zero or small variations as the height of the wall increases. The toe and heel lengths increase as
the height of the wall increases and the distance between buttresses oscillates. In Figure 7, we compare
the optimal geometric variables when performing the optimization by emissions and cost. For this
analysis, we define a geometric ratio that corresponds to the quotient between the value obtained in
the emissions optimization and the value obtained in the cost optimization. The figure shows that
most of the values are the same in both optimizations, except for the variable of distance between
buttresses. For this variable, the value obtained from emission optimization is always lower than that
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obtained from cost optimization. Additionally, we observe that for the height of 15 m, the variables of
toe and heel length are modified in an inverse way.

Figure 6. Geometric variables depending on the height of the wall.

Figure 7. Ratio of geometrical variables.

In the second analysis, the variables of concrete and steel are studied. Each of these variables are
separated in the material used in the stem and in the slab base. Then, the CO2 emissions obtained from the
optimization are calculated. The above is shown in Figure 8. The figure shows that for both concrete and
steel, CO2 emissions increase as the height of the wall increases. However, the interesting thing is that this
increase is not linear, as the height increases the slope of the emissions increases as well.

Figure 9 compares the optimal concrete and steel variables when performing the optimization
by emissions and cost. In both optimizations and for the different wall heights, the concrete and the
resulting steel in all cases were the C25/30 and BS500. In this analysis, we define a concrete volume
ratio that corresponds to the quotient between the value obtained in the emissions optimization and
the value obtained in the cost optimization. The figure shows that the emissions of concrete in the stem
are higher in the case of emissions optimization than in cost optimization. However, this increase is
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offset by a decrease in emissions in steel, both in the stem and in the slab base. In Table 5, the values of
concrete and steel are attached for both optimizations.

Figure 8. Emissions of concrete and steel in the stem and foundation for CO2 optimization.

Figure 9. Ratio of concrete and steel variables.
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Table 5. Optimal costs and emissions for concrete and steel variables.

Cost Emissions

Optimization Optimization

Height Steel in Steel in Concrete in Concrete in Steel in Steel in Concrete in Concrete in

Stem (Kg) Base (Kg) Stem (m3) Base (m3) Stem (Kg) Base (Kg) Stem (m3) Base (m3)

6 53.27 30.51 1.88 0.86 48.48 23.96 1.97 0.86
7 79.91 45.90 2.13 0.88 68.73 32.80 2.24 0.88
8 121.48 40.39 2.38 1.01 92.81 37.42 2.55 1.01
9 134.06 66.03 2.75 1.30 110.55 59.20 2.91 1.30
10 187.74 98.09 3.16 1.78 139.04 77.53 3.51 1.77
11 234.57 156.61 3.70 2.37 167.98 103.98 4.21 2.41
12 272.33 197.82 4.17 3.02 220.12 160.13 4.69 3.01
13 372.58 293.64 4.80 3.78 270.65 230.85 5.16 3.80
14 411.92 365.27 5.13 4.63 312.40 316.09 5.77 4.69
15 481.51 503.15 5.87 5.58 356.85 424.82 6.02 6.09

4.3. Algorithm Comparison

This section aims to compare the results obtained by the BH algorithm with the results published
in [10] and [13]. In these works, the harmony search algorithm was used to optimize a counterfort
retaining wall. To make the comparison, we analyzed the best solution obtained for each of the
different heights of the wall, in addition to comparing the distribution of the total solutions obtained
for the different heights.

Harmony search (HS) is a swarm intelligence algorithm that was proposed in [27]. One of
the important characteristics for which it was selected is that it allows the selection of features in
discrete search spaces. For the study of earth-retaining wall buttresses, a variant of HS was used that
additionally incorporates threshold acceptance, and was proposed in [45].

In Figure 10a, the best results for the BH and HS algorithms are compared. In the comparison,
all parameters were kept constant except for height. From Figure 10a, it is observed that for small
heights of the wall, the cost of the solutions obtained by both algorithms is similar. As the wall grows in
height, the curves have a greater separation at the height of 14 m, which obtains the greatest difference,
of 4.74% in favor of BH. In the case of optimization of CO2 emissions, in Figure 10b, the curves have
behavior similar to that in the case of cost optimization. For small values of the wall height, very similar
values are obtained and, in particular, at the height of 6 m, HS is greater than BH by 0.72%. As the
height of the wall grows, the quality of BH solutions improves with respect to HS again at 14 m,
where the greatest difference of 4.67% is obtained.

To compare the solutions, we use violin plots. To make the comparison, we will normalize the
points using the best values obtained independently of the algorithm and using the Equation (12).

Gap = 100 ∗ value − bestvalue
bestvalue

(12)

The comparison between the BH and HS solutions in the case of costs is shown in Figure 11a.
In this Figure, it is observed, in the case of BH, it obtains better interquartile ranges than in HS for all
heights. The dispersion of the solutions is very similar in both algorithms. From the height of 12 m
onwards, the dispersion increases significantly in both algorithms. The solutions obtained from the
optimization of CO2 emissions are shown in Figure 11b. Again, BH has a better interquartile range
than HS, except for the height of 6 m. The increase in dispersion in both algorithms is observed from
height of 12 m onwards.
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(a)

(b)

Figure 10. Best solution comparison between BH and HS. (a) Cost (e); (b) Emissions (kg CO2 eq.).
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(a)

(b)

Figure 11. Comparison between BH and HS results. (a) % Cost gap; (b) % Emissions gap.

5. Conclusions

This article studies a parametric optimization of a buttressed earth-retaining wall using a discrete
black hole algorithm. The analysis was developed considering two objective functions: One function
that optimizes the cost of the structure and another that minimizes CO2 emissions. In the different
experiments, the height of the wall was varied, and we subsequently compared the results of both
optimizations. Working with the target of reducing emissions provides stabilized results while
maintaining the economic target. The results obtained with the BH heuristic also suggest that
there is a relationship between cost and equivalent CO2 emissions. For small heights of 6 and 7 m,
the optimal CO2 emission and structure costs do not deviate much from each other. As the wall
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grows, this difference increases, reaching a maximum at 11 m, where the emission deviates 6.16%
and the cost 7.49%. When we analyze the main cause of this difference, it is found that it is related to
the use of steel and cement. Solutions that minimize emissions prefer to use more concrete and less
steel than those that optimize cost. Regarding the design variables, for optimal solutions, most of the
values are very similar in both optimizations, with the exception of the variable of distance between
buttresses, whose emission optimization value is always less than that obtained from cost optimization.
For high heights (15 m), there is an inversion between the toe and heel length variables. As a result
of the second analysis, in both optimizations and for the different wall heights, the concrete and
the resulting steel in all cases are the C25/30 and BS500. When analyzing the dispersion results of
the solutions for the different heights of the wall, it is observed that the dispersion of the solutions
(Figure 11a,b) increases. This increase is considerable from the height of 12 m onwards. The above
is an indication that our optimization problem is becoming more difficult as the height of the wall
increases. This is consistent with the fact that at higher heights, it is more difficult to obtain stability of
the wall concerning overturning and sliding. Finally, when we compare BH with HS, we observe that
as we increase the height, BH performs better than HS, arriving at the height of 14 m at a difference of
4.67% in favor of BH in the optimization of emissions and 4.74% in cost minimization.

As a new line of research, it is interesting to explore robust optimization. Consider the
optimization of the wall, but incorporating different values of some of the design variables within
the optimization, as well as edge conditions, such as natural disasters. This makes the optimization
problem much more difficult to address. Aiming at the latter, hybrid techniques can be used where
metaheuristic algorithms are integrated with machine learning [46,47] techniques in order to improve
the quality and convergence time of the solutions. This allows the tackling of more difficult problems,
such as robust optimization in reasonable execution times.
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Abstract: Without demolishing an entire existing building, it is possible to sustainably expand its
underground spaces to enhance the building’s functionality. However, there have been a few relevant
studies exploring this option, and they did not consider the financial feasibilities of underground
vertical extension methods. Therefore, this paper analyzes the economic impacts of three sustainable
vertical extension methods for existing underground spaces. The extension methods were the
(1) bottom-up, (2) normal top-down, and (3) top-down with multi-post downward (MPD) methods.
In order to analyze and compare the economic impacts of the underground vertical extension methods,
24 illustrative examples were generated in this paper. Construction costs of the three sustainable
vertical extension methods for existing underground spaces are calculated and compared. Those
are based on the quantity of used materials in the construction phase and dismantled materials in
the demolition phase, as well as unit costs of each material. In addition, the structural stabilities of
the examples are analyzed using MIDAS Gen 2017. As the results, the top-down method with MPD
was the lowest sustainable method for vertically expanding underground spaces compared to other
two methods under the same condition. Moreover, the higher the number of underground floors of
existing buildings and the greater the number of extended basement floors, the more economically
advantageous was the top-down method with MPD. Considering their structural stabilities and
economic impacts of the extension methods help practitioners to select appropriate construction
techniques and reduce costs, risks, and the amount of generated construction and demolition waste.

Keywords: vertical extension method; underground; existing building; economic impact

1. Introduction

The use of underground space in buildings in congested urban areas has been increasing since
there is a lack of available aboveground space [1–4] and the development of additional underground
space in existing cities can provide new potential for urban development [5]. Underground structures
have significant impacts on the environment [4,6] and underground space can reduce environmental
contamination and improve the quality of the environment [2,7]. Regardless of stability of existing
buildings, sometimes buildings have been demolished and newly constructed due to the lack of
underground parking spaces or aging of mechanical, electrical, and plumbing (MEP) facilities [8].
Excessive demolition and new construction of existing buildings increase the amount of generated
construction and demolition (C&D) waste [8]. Without demolishing an entire building, it is possible to
sustainably expand its underground spaces vertically and horizontally to enhance the functionality.
It can be an opportunity to reduce the amount of generated C&D waste and create sustainable
urban development in existing cities. However, there are relatively few cases of vertically expanding
underground spaces in buildings because of several challenges, such as the difficulty of risk management
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related to construction of underground structures and minimization of structural effects on ground
floors of existing and surrounding buildings. To address the challenges of vertical extensions
for underground spaces in existing buildings, a few previous approaches have been conducted:
(1) practical case studies on vertical extensions of underground spaces in existing buildings [9–12],
(2) development of a connection system between existing piles and new piles installed for extended
underground spaces [13], and (3) development of vertical underground extension processes for existing
buildings [14–16]. Bing [10] introduced an application case of a floating underground extension method
for expanding parking lot spaces in residential buildings, where the floating extension method excavates
the area underneath the existing building to extend it vertically downward without destroying the
building. They also derived factors influencing the extension planning and structural stability of
existing buildings. Kim, Bang, and Lim [13] proposed a system to connect piles installed in existing
underground spaces with foundations newly constructed for extended underground spaces. It helped
secure structural stability and reduce the number of reinforcement piles. However, the construction
processes were to be complicated, because temporary micro-piles and frames should be installed during
excavation and dismantled for the vertical underground extension in the proposed connection system.
Park, Lew, Choi, and Lee [14] introduced a floating underground space extension method applied
to actual sites for the preservation and expansion of cultural-heritage buildings. After excavation,
double-tube micro-piles and jack-up systems were used for supporting the buildings. Kim, Lee,
Kim, Koo, Jung, and Seo [15] and Jung, Kim, Lee, Hwang, and Seo [16] proposed a new conceptual
construction process involving floating methods for expanding existing buildings and conceptually
arranged the process for selecting the most suitable method among various construction methods
according to characteristics of each site. Selection processes for appropriate construction techniques
can influence both the time and costs of construction, as well as the environment [17].

Sustainable vertical extension methods for underground spaces without demolishing existing
buildings may vary depending on site conditions of architecture, engineering, and construction (AEC)
projects. However, previous studies did not consider detailed excavation and construction processes
based on various site conditions. In particular, they did not analyze the economic feasibility of the
proposed underground vertical extension methods for existing buildings. Therefore, a process to
analyze economic impacts of three sustainable vertical extension methods of existing underground
spaces is proposed based on the quantity of used or demolished materials on site. The three sustainable
methods are bottom-up, normal top-down, and top-down multiple posts downward (MPDs) methods.
To analyze their economic impacts, construction costs of 24 illustrative examples to which three
sustainable vertical extension methods for existing underground spaces are applied, are calculated,
and compared. In addition, their structural stabilities are also analyzed using MIDAS Gen 2017.

The structure of this paper is as follows. Section 2 describes the materials and research methods
used in this paper. Section 3 includes processes and details of three sustainable vertical extension
methods for underground spaces in existing buildings. Section 4 describes the overview of the
24 illustrative examples. Section 5 includes results of the structural analyses with the three sustainable
vertical extension methods for underground spaces in existing buildings. In Section 6, the economic
impacts of the three sustainable vertical extension methods for underground spaces in the illustrative
examples are analyzed, followed by discussion and conclusions in Section 7.

2. Materials and Methods

Figure 1 shows an overall research process of this paper which analyzes structural stabilities and
economic impacts of the three sustainable vertical extension methods of existing underground spaces.
The three sustainable methods considered in this paper are as follows:

(1) Bottom-up method: the construction of floor structures to be extended are carried out after
finishing all of the excavation of the soil under the existing building.
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(2) Normal top-down method: the construction of each floor structure to be extended is carried out
after finishing the excavation of soil to just below one floor under the existing building and the
process is repeated up to the construction of the bottom.

(3) Top-down with multiple posts downward (MPDs) method: the construction procedure is the
same as that of the normal top-down method but it uses multiple posts for supporting the
existing building.

Vertically expanding underground spaces of existing building with basement floors is a complex
task since many perspectives, such as economic, structural stability, and environmental perspectives
should be considered. The details and processes of the three sustainable extension methods are
described in Section 3. In order to analyze the economic impacts of the three sustainable methods,
24 illustrative examples were generated through considering the number of basement floors of existing
buildings, the number of basement floors that are vertically extended, and whether demolition works
are included or not. Prior to economic analyses of the three underground vertical extension methods,
their structural stabilities should be reviewed. The structural stabilities of the illustrative examples
were analyzed using MIDAS Gen 2017 in this paper. The reliability of the program was verified earlier
by comparing it with other analysis programs [18]. Currently, the program is used for structural
analysis of almost all buildings in South Korea.

The calculated vertical underground extension cost of the 24 illustrative examples consisted of
material and labor costs. Material costs were classified as reinforcement, demolition, earthworks,
structural frame construction, and finishing costs. The material cost of each work type was calculated
by multiplying the quantity and unit price of materials required for the vertical extension of an
underground space. The quantity of materials was estimated by an expert considering the size,
the number, and position of all members assumed for the structural analyses. The working experience
of the experts who participated in the process was approximately 20 years. The labor cost is generally
assumed as 15% of total material cost for underground construction works in South Korea. Based on
calculated material and labor costs of each case, their economic impacts were analyzed and compared.

Figure 1. The research process.
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3. Sustainable Vertical Extension Methods for Underground Spaces in Existing Buildings

In this paper, the three sustainable vertical extension methods used for underground spaces
in existing buildings were the bottom-up, normal top-down, and top-down with MPDs methods.
In selecting a vertical extension method for this paper, two conditions were considered: (1) a building
has more than one basement floor, and (2) an existing underground structure can be demolished
or reused for vertical extensions. The normal top-down and bottom-up methods can be used for
vertically expanding underground spaces after demolishing existing underground structures [19].
The top-down method with MPD can expand underground space without demolishing existing
underground structures.

The top-down method, which is widely used in congested AEC projects, helps secure the safety
of retaining walls and work spaces and reduce construction duration [1,20]. To apply the top-down
method for sustainable vertical extension of existing underground spaces, columns should be installed
in the ground prior to excavation. In most cases, the basement floors of existing buildings are generally
demolished prior to the installation of columns to enhance constructability. A percussion rotary
drill (PRD) is commonly used for installing columns. However, a PRD has large diameter and is
relatively expensive. Therefore, it is not recommended for vertical extension of underground spaces
if an existing building has less than three basement floors; normally the existing floors of a South
Korean residential building include one or two floors for parking lots. On the other hand, the MPD
method uses augur equipment, so that it is possible to use a small diameter post such as micro piles.
If the installed MPDs have sufficient resistance to support the existing building without any additional
supports during the excavation, the top-down method with MPDs can be used without the removal of
existing underground structures. In particular, the top-down method with MPDs is more efficient for
vertically downward expanding underground spaces in urban areas because of the lack of available
spaces for construction and demolition. The installed temporary multiple posts could be reused after
disassembly. The bottom-up method is a common construction technique. It includes an open-cut
method with struts to install retaining walls. It is easy to trigger the collapse of retaining walls or
cracks in the structures of surrounding buildings because of settlement of the surrounding ground.
Therefore, a careful design is required to avoid stress concentration on a part during the dismantlement
of temporary struts. The top-down method of constructing the structure of building along with the
excavation can be a relatively safe construction.

To select an appropriate vertical extension method for the site with existing underground structure,
relevant drawings and geological conditions on site should be carefully reviewed [8]. Figure 2 shows a
process to select an appropriate vertical extension method based on the several site conditions. The net
distance between the basement outer wall of the targeted existing building and the outer wall of the
adjacent building should be at least 1.2 m [21]. Otherwise, the distance is too short to construct an
earth retaining wall between these buildings. In this case, the earth retaining wall should be installed
inside the structure of the existing building. Consequently, the useful area of underground spaces after
vertical underground extension is to be reduced. In this paper, the net distance between two walls is
assumed to be more than 1.2 m. The processes and details of the three vertical extension methods for
existing underground spaces are described in the following sub-sections.
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Figure 2. The process to select an appropriate vertical extension method for underground spaces in
existing buildings by considering site conditions.

3.1. Bottom-Up Method with Struts

The vertical underground extension using the bottom-up method constructs structural frames
after completing excavation to foundation levels using temporary struts. Figure 3 represents the
construction process of the bottom-up method with struts, from the first basement level to the third
basement level. Underground spaces were extended vertically after demolishing the basements of the
existing building. Before demolishing, the existing structure needed to be reinforced with temporary
members to support the weight of the equipment for installing the new retaining walls (Figure 3b).
After Installing retaining walls, temporary struts and H-piles were installed to provide horizontal and
vertical structural stability for the underground space during the dismantling of the existing structure
and the excavation for an extension. The vertical interval of the struts was 2.5 m. Structural frames for
the underground space were constructed from the lowest bottom level to the ground level. After the
structural frame of a floor was completed, the temporary members installed on the floor such as struts
were removed, as shown in Figure 3e.
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Figure 3. Vertical extension process for existing underground spaces using the bottom-up method
(from a building with one basement floor to three basement floors). The process is listed as: (a) Existing
underground structures before works; (b) Installing of earth retaining walls after reinforcing the existing
structure; (c) Construction of temporary struts and H-piles after demolition of the existing structure;
(d) Foundation construction after Installing of struts up to base; (e) Construction of a structural frame
(from B3 to B1) and dismantling struts; and (f) Completion.

3.2. Normal Top-Down Method

The vertical extension using the normal top-down method constructs structural frames sequentially
from the first basement level to the lowest bottom level [19]. The constructed frames, such as slabs
and beams, support earth retaining walls instead of temporary struts [15]. Furthermore, construction
costs can be reduced because laborers can work on the constructed slabs [15]. However, it is
difficult to excavate and install formworks (within the narrow space) under the constructed slab [15].
As bottom-up method with struts, the existing structure needed to be reinforced with temporary
members for supporting the weight of the equipment for installing the new retaining walls before
demolishing. Struts should be partially arranged to ensure structural safety against earth pressure
during the dismantling of existing structures. Figure 4 shows the process of extending the existing
underground spaces vertically, from the first basement level to the third basement level, using the
normal top-down method while demolishing the existing basement floors.
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Figure 4. Vertical extension process for existing underground spaces using the normal top-down
method (from a building with one basement floor to three basement floors). The process is listed as:
(a) Existing underground spaces before works; (b) Installing of earth retaining walls after reinforcing
existing structure; (c) Demolition of basement Level 1 and structural frame construction (columns) after
installing earth retaining walls; (d) Excavation and construction of structural frame (slabs and beams)
(from B2 to B3); and (e) Completion.

3.3. Top-Down Method with MPDs [22]

Figure 5 represents the process of vertically expanding existing underground spaces without
demolishing existing structures, from the first basement level to the third basement level, using the
top-down method with MPDs. To extend underground space vertically after reinforcing existing
underground structure without its demolition, several pieces of equipment were placed at the top
of the existing underground structure in order to install additional earth retaining walls. Therefore,
prior to installation of the earth retaining walls, the supports for the structural stability of the existing
slabs were installed and reinforced by considering the loads from the equipment for the earthwork
(Figure 5b). To prevent the collapse of columns in the basement of the existing building during the
excavation, it was necessary to install multiple posts, such as micro piles, around the columns, as shown
in Figure 5c. The four micro piles installed on the outside of one column were slender, resulting in the
buckling behavior. Therefore, it was necessary to tie up those to one set and connect several sets of
micro piles to reduce the risk of buckling failure. Then, the foundation of the existing building was
demolished, and excavation work was carried out from the bottom level of the existing building up
to the extended bottom level. After completing the installation of the new foundations and columns
located in the extended underground structure, as shown in Figure 5d,e, the temporary micro piles
were removed.
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Figure 5. Vertical extension process for existing underground spaces using the top-down method with
the MPD method (from a building with one basement floor to three basement floors). The process is
listed as: (a) Existing underground structure; (b) Installation of temporary supports and retaining walls;
(c) Installation of temporary piles and support frames and excavation (from B2 to B3); (d) Structural
frame (beams and slabs) and foundation construction; (e) Installation of columns on floors (from B3 to
B2); and (f) Decomposition of temporary piles and support frames.

4. Overview of Illustrative Examples

A rectangular-shaped underground structure was used to generate illustrative examples in this
paper. The effects of the shape were not considered to simplify comparative analysis of the economic
impacts corresponding to sustainable vertical extension methods of existing underground spaces.
The structure used for the illustrative examples has a floor plan of 74.0 × 29.6 m (Figures 6 and 7),
with a floor height of 3.4 m at each basement.

To analyze the differences among the extension costs of the three sustainable vertical extension
methods for underground space according to the number of basement floors of the existing building,
the illustrative examples were categorized as four types: the existing building (1) without basement
floors, (2) with one basement floor, (3) with two basement floors, and (4) with three basement
floors. As shown Table 1, 24 illustrative examples considering sustainable vertical extension methods,
the number of basement floors of the existing building (from G/L to B3), the number of extended
basement floors (from B1 to B4), and structural types were generated. If there were no basement floors
of the existing building before the extension, the bottom-up method and normal top-down method
were applied without demolition work. If there were existing basement floors, the bottom-up method
after demolishing existing underground spaces, the normal top-down method with Percussion Rotary
Drill (PRD) after demolishing existing underground spaces, and the top-down with MPDs method
without demolishing existing underground spaces were compared. The normal top-down method
with PRD and the reverse circulation drill (RCD) and bottom-up method were not allowed to vertically
extend the underground space of an existing building with more than three basement floors. Therefore,
the economic impact of only the top-down with MPDs method for sustainable vertical underground
extension of an existing building with three basement floors was analyzed. The structure types that
the bottom-up method, normal top-down method, and top-down method with MPD analyzed were
reinforced concrete (RC), steel frame, and steel frame, respectively.
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Table 1. Basic characteristics of the illustrative examples.

No.

Number of
Basement

Floors before
Extension

Whether to
Dismantle

the Existing
Structure

Number of
Basement

Floors after
Extension

Total Height
of Basement

Floors (m)

Vertical Extension
Method for

Underground
Spaces

Structural
Type

Case 1 0 1 3.4 Bottom-up RC
Case 2 0 1 3.4 Top-down Steel
Case 3 0 2 6.8 Bottom-up RC
Case 4 0 2 6.8 Top-down Steel
Case 5 0 3 10.2 Bottom-up RC
Case 6 0 3 10.2 Top-down Steel
Case 7 0 4 13.6 Bottom-up RC
Case 8 0 4 13.6 Top-down Steel
Case 9 1 Dismantle 2 6.8 Bottom-up RC
Case 10 1 Dismantle 2 6.8 Top-down Steel

Case 11 1 No
dismantle 2 6.8 Top-down (MPD) Steel

Case 12 1 Dismantle 3 10.2 Bottom-up RC
Case 13 1 Dismantle 3 10.2 Top-down Steel

Case 14 1 No
dismantle 3 10.2 Top-down (MPD) Steel

Case 15 1 Dismantle 4 13.6 Bottom-up RC
Case 16 1 Dismantle 4 13.6 Top-down Steel

Case 17 1 No
dismantle 4 13.6 Top-down (MPD) Steel

Case 18 2 Dismantle 3 10.2 Bottom-up RC
Case 19 2 Dismantle 3 10.2 Top-down Steel

Case 20 2 No
dismantle 3 10.2 Top-down (MPD) Steel

Case 21 2 Dismantle 4 13.6 Bottom-up RC
Case 22 2 Dismantle 4 13.6 Top-down Steel

Case 23 2 No
dismantle 4 13.6 Top-down (MPD) Steel

Case 24 3 No
dismantle 4 13.6 Top-down (MPD) Steel

5. Structural Analyses of the Examples

Prior to the economic analyses of the three vertical underground extension methods, structural
stabilities of the illustrative examples were checked. Structural analyses were carried out in the three
illustrative examples to extend underground space vertically (from the first to third basement level)
using the three sustainable methods. MIDAS Gen 2017 was used for the structural analysis by phase,
including demolishment of the existing B1 floor, excavation to the B4 floor, and construction of a
structural frame in the underground space.

The design of methods based on structural analysis can be roughly classified into two types.
The first is to ensure the safety of the whole building when the underground structure is completed.
The second is to ensure structural safety for each construction phase. In the bottom-up method, since
the structural frame is constructed after the completion of the excavation to the lowest floor, the safety
of the entire structure was examined after completion of construction. The frame at this time was a
reinforced concrete structure.

The soil condition in all cases was assumed to be sandy soil. Therefore, the effects of changes in
the ground conditions were not considered in this paper. In all the illustrative examples, temporary
supports were installed at 1.5-m-wide intervals in the excavated or undemolished underground space
to support the existing underground space when equipment was located on the ground floor for
the newly installed retaining wall. During top-down construction, the live loads acting on first and
basement floor are 20.0 kN/m2 and BF = 1.5 kN/m2, respectively, since the first floor can be used for
storage space of construction materials. The load by the materials placed on the first floor disappeared
after construction. The live load acting on the first floor after construction was assumed to be 5.0 kN/m2

which is higher than 3.0 kN/m2 for the basement floor. The thickness of slab was 150 mm for the
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bottom-up method and 200 mm for the top-down methods. The load of slab finish was 2.6 kN/m2 after
construction. The earth pressure of the lowest level of strut was assumed to be 300 kN/m.

The compressive strength of concrete was 24 MPa. SD500 (yield strength: 500 MPa) and SD400
(yield strength: 400 MPa) were used for a rebar with a diameter of 16 mm or more, and a rebar less than
13 mm, respectively. SM490 (tensile strength was 490 MPa) was used for steel members. Structural
design and analysis were conducted according to the Korean Building Code (KBC) 2016.

In the case of construction up to three basement levels by applying three representative methods,
the size and structural analysis of each member are shown in this paper. Figures 6 and 7 show plans
of the structural B1 floor and temporary struts planning in the illustrative examples, respectively.
The size of beams and columns was determined by considering both the conditions required to serve as
temporary members and structural members after the completion of the underground structure. Strut
and H-pile sizes were determined in consideration of the requirements for use as temporary members.
The ratio of forces to holding strength of girders (G1 to G4) and columns (C1 and C2) were checked.
In the case of the bottom-up and top-down with MPD methods, the ratio of forces to holding strength
of struts (S1 and S2) and H-piles (H1 and H2) also were checked. Temporary struts were installed at a
depth of 2.5 m in both cases. Structural frames, such as constructed slabs and beams, prevent the side
pressure of the earth retaining walls instead of temporary struts in the illustrative example using the
normal top-down method. Therefore, structural analysis for the temporary struts was not necessary.

Figure 6. Structural plan of B1 floor in the illustrative examples (unit: mm).

Figure 7. Temporary struts plan in the illustrative examples for the bottom-up method (unit: mm).
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5.1. Bottom-Up Method

In bottom-up method, the beam and column were RC structures. The sizes of the members for
Case #5 used in the vertical underground extension using the bottom-up method are described in
Table 2. Sections and reinforcement details of typical girders after construction are shown in Figure 8.
They were the same for each construction phase. Figure 9 shows the moment diagram of RC frame
structure after the completion of construction. As the result of the structural analysis, the forces acting
on the designated members of them are represented in Table 2 as a ratio to the holding strengths. In case
of the bottom-up method, the conventional reinforced concrete frame system was used as structural
systems after completion of excavation. The forces acting on girders of ground floor (1F) were higher
than those of the basement floor (BF) because live load on 1F was higher than that on BF. Highest
values were found in the main girders (G3 and G4) which were connected beams and the ratio of
forces to holding strengths reached 0.95. From this, the members were shown to be optimally designed.
The axial force ratios of columns C1 and C2 were 0.42 and 0.43 after construction, respectively. The strut
S1 had an axial force ratio of 0.66 during construction. Consequently, it can be seen that the structural
member was designed to be safe enough for the applied load.

Table 2. Member sizes and analyzed force ratios of structural members in the illustrative example
using the bottom-up method (Conventional RC construction, Case #5).

Member Size
Force
Type

Ratio of Force to Holding Strength
After Completion of Construction

1F (Center) 1F (End) BF (Center) BF (End)

Girder

G1

800 × 900

Moment 170/699 (0.24) 328/699 (0.47) 146/699 (0.21) 286/699 (0.41)
Shear force 143/536 (0.27) 234/536 (0.44) 123/536 (0.23) 203/536 (0.38)

G2
Moment 318/299 (0.45) 360/699 (0.52) 270/699 (0.39) 356/699 (0.51)

Shear force 192/536 (0.36) 282/536 (0.53) 170/536 (0.32) 249/536 (0.47)

G3
Moment 504/699 (0.72) 667/699 (0.96) 438/698 (0.63) 576/698 (0.83)

Shear force 316/536 (0.59) 407/536 (0.76) 273/534 (0.51) 353/534 (0.66)

G4
Moment 760/867 (0.88) 795/867 (0.92) 647/867 (0.75) 749/867 (0.86)

Shear force 420/536 (0.78) 511/536 (0.95) 370/534 (0.69) 450/534 (0.84)

Column
C1

900 × 900
Axial force 4869/11645 (0.42)

C2 Axial force 5053/11645 (0.43)

Strut
S1 H-300 × 300 × 10

× 15 Axial force 1227/1729 (0.66)

S2 H-300 × 150 × 6.5
× 9 Axial force For protecting lateral buckling

H-Pile
H1 H-300 × 300 × 10

× 15
Axial force These members were only for the connection of temporary struts.

Axial force dose was not acting on these membersH2 Axial force

( ) is the ratio of acting stress to holding strength.

Figure 8. Detail of RC girders after the completion of construction.
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Figure 9. Moment diagram of RC frame structure after the completion of construction.

5.2. Normal Top-Down Method

In the illustrative example using the normal top-down method, steel girders and SRC columns were
used. The sizes of the used girder and column members of Case #6 are shown in Table 3. As mentioned
previously, the first floor can be used for storage space of construction materials. Therefore, the force
ratios during construction was higher than those after completion of construction. The moment ratio
of girders reached 0.94 and 0.96 at G2 and G4, respectively, during construction. However, they were
reduced to 0.42 and 0.44 after construction, respectively. The force ratios of girders of BF increased after
completion of construction since the live load increased from 1.5 kN/m2 to 3.0 kN/m2. The moment
ratios of G2 and G4 were 0.95 and 0.89 after completion of construction, respectively. For columns,
the ratio reached up to 0.67 for C2 during construction, but it was reduced to 0.15 after construction.
For the results, all cases were structurally stable and the member were designed optimally.

Table 3. Moment size and analyzed force ratios of structural members in the illustrative example using
the normal top-down method (Case #6).

Member

Size
Force Type

Ratio of Force to Holding Strength

During Construction
After Completion of

Construction

1F BF 1F BF 1F BF

Girder

G1
H-488 ×
300 × 11
× 18

H-600 ×
200 × 12
× 20

Moment 655/725
(0.90)

120/320
(0.38)

296/725
(0.41)

210/320
(0.66)

Shear force 536/1110
(0.47)

97/1373
(0.07)

237/1110
(0.17)

169/1373
(0.12)

G2
H-588 ×
300 × 12
× 20

H-600 ×
200 × 12
× 20

Moment 914/978
(0.94)

172/320
(0.54)

411/978
(0.42)

303/320
(0.95)

Shear force 647/1461
(0.44)

120/1389
(0.0.9)

293/1461
(0.20)

210/1389
(0.15)

G3
H-700 ×
300 × 13
× 24

H-612 ×
202 × 13
× 23

Moment 1013/1398
(0.73)

187/515
(0.36)

457/1398
(0.33)

321/515
(0.62)

Shear force 536/1885
(0.28)

102/1648
(0.06)

245/1885
(0.13)

174/1648
(0.11)

G4
H-700 ×
300 × 13
× 24

H-612 ×
202 × 13
× 23

Moment 1348/1398
(0.96)

264/515
(0.51)

608/1398
(0.44)

460/515
(0.89)

Shear force 710/1885
(0.38)

137/1634
(0.08)

325/1885
(0.17)

235/1634
(0.14)

Column
C1 900 × 900 (H-414 ×

405 × 18 × 28)
Axial force 3612/5718 (0.63) 3343/23754 (0.14)

C2 Axial force 3807/5718 (0.67) 3522/23754 (0.15)

( ) is the ratio of acting stress to holding strength.
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5.3. Top-Down with MPD Method

For the bottom-up method, the column was installed between MPDs in RC structure while the
beam was a steel structure like for the normal top-down method. In the illustrative example of the case
14 using the top-down method with MPDs, the size of the supporting frames used was H-300 × 300 ×
10 × 15 mm and micro piles were installed around the existing columns in the basement. The sizes of
the girders and columns used were 800 × 900 mm and 900 × 900 mm, respectively. Table 4 shows the
force ratio of each member in the example in which the top-down with the MPD method was applied
for vertical underground extension. The high moment ratios of 0.96 and 0.89 were found at G2 and G4,
respectively. The shear force ratios of girders were not larger than 0.15. The axial fore ratios of MPDs
reached 0.75 and 0.81 during construction while those of column to 0.36 and 0.37 after construction.
The illustrative example using the top-down method with MPDs was structurally stable, because the
force ratios of all structure members were less than 1.0. According to the structural analysis results in
the illustrative examples to which the three vertical underground extension methods were applied,
all cases were structurally stable.

Table 4. Member size and analyzed force ratios of structural members in the illustrative example using
the top-down with the MPD method (Case #14).

Member
Size

Force Type

Ratio of Force to Holding
Strength

1F & B1F B2F & B3F 1F & B1F B2F & B3F

Girder

G1 Existing
member size

H-600 × 200
× 12 × 20

Moment −
210/320
(0.66)

Shear force 169/1373
(0.12)

G2 Existing
member size

H-600 × 200
× 12 × 20

Moment −
303/320
(0.95)

Shear force 210/1389
(0.15)

G3 Existing
member size

H-612 × 202
× 13 × 23

Moment −
321/515
(0.62)

Shear force 174/1648
(0.11)

G4 Existing
member size

H-612 × 202
× 13 × 23

Moment −
460/515
(0.89)

Shear force 235/1634
(0.14)

Column
C1

900 * 900
Axial force 4148/11645 (0.36)

C2 Axial force 4354/11645 (0.37)

MPD
MPD1 H-300 × 300 × 10 × 15 Axial force 1113/1480 (0.75)
MPD2 H-300 × 300 × 10 × 15 Axial force 1204/1480 (0.81)

( ) is the ratio of acting stress to holding strength.

6. Economic Impacts

The extension costs of each illustrative example were calculated based on the expected amount
of used and demolished materials. Table 5 represents the detailed extension cost of the case # 16.
The calculated vertical underground extension cost consisted of material and labor costs. Material
costs were classified as reinforcement, demolition, earthworks, structural frame construction, and
finishing costs. Materials for the reinforcement work included support (EA), additional reinforcement
member (m3), MPD posts (boring: m, H-pile: ton), beams for MPD (H-pile: ton), etc. in the paper.
Earthworks were related with retaining walls (CIP), PRD (D800: m), excavation, temporary struts,
and so on. Structural frames were mainly composed of slabs, beams, columns, exterior walls, and
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foundations. To calculate materials cost of each structural member, form (m2), concrete (m3), support
(m2), reinforced bar (ton), and deck plate (m2) were considered.

Table 5. Detailed construction costs of Case #16.

Division of Construction Unit Quantity
Unit Price

(USD)
Cost

(USD)
Sum

(USD)

Reinforcement

Support EA 2 61 164,591

978,365

Structural
reinforcement M3 2190 174 380,870

MPD Post
Drilling M 1803 70 125,426
H-pile ton 169 1391 235,130

Beam supporting
MPDs H-beam ton 52 1391 72,348

Demolition
Raker Set 0 0 0

85,696RC frame M3 0 130 0
Foundation M3 3285 26 85,696

Earthwork

CIP Set 1 798,696

1,352,000PRD D800 M 0 261 0
Excavation M3 18,180 30 553,304

Strut Set 0 0 0

Structural frame

Slab

Form M2 0 45 0

1,001,341

Concrete M3 0 74 0
Reinforcing bars ton 0 957 0

Support M2 0 9 0
Concrete in deck M3 805 74 59,500
Reinforcing bars

in deck ton 25 957 23,913

Deck M2 4305 32 138,509
Edge

construction M 398 130 51,913

Beam

Form M2 0 48 0
Concrete M3 0 74 0

Reinforcing bars
in deck ton 0 957 0

Support M2 0 9 0
Steel beam ton 145 1391 201,739

Support for steel
beam EA 48 565 27,130

Fire insulation M2 2939 8 23,001

Column

Form M2 728 45 32,918
concrete M3 164 74 12,122
H-beam ton 0 1391 0

Reinforcing bars
in deck ton 12 957 11,478

Exterior wall

Form M3 1550 45 70,087
Concrete M3 262 74 19,365

Reinforcing bars
in deck ton 69 957 66,000

Foundation
Concrete M3 2299 74 169,926

Reinforcing bars
in deck ton 98 957 93,739

Finish/other M2 6571 391 2,571,261 2,571,261
Labor Set 898,296 898,296
Total 6,886,958 6,886,958
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Table 6 represents the sustainable vertical underground extension costs of the 24 illustrative
examples. Unlike other methods, the top-down with MPD method includes reinforcement costs
and does not include demolition costs. Also, the sustainable vertical underground extension cost of
an existing building without a basement floor does not include demolition costs. Figure 10 shows
the sustainable vertical underground extension cost per extended floor considering the number of
basement floors of an existing building (G/L to B3) and the number of extended basement floors (one
to four floor extension). In the illustrative examples, to vertically extend the underground space of an
existing building without a basement floor, the extension costs using the bottom-up and the normal
top-down methods were compared. It is difficult for the bottom-up and the normal top-down methods
with PRD and RCD to vertically extend the underground space of an existing building with more than
three basement floors. Therefore, they were not included when analyzing and comparing the economic
impacts of vertical underground extension methods. In all examples using the three methods, the larger
the number of basement floors of existing buildings, the greater the cost per extended basement floor.
The larger the number of basement floors of existing buildings, the higher the cost of demolition and
reinforcement works. In particular, the cost of demolition work was strongly related to the number of
basement floors of existing buildings. Also, the larger the number of vertically extended basement
floors, the dramatically less the extension cost per extended floor in all examples.

Table 6. Extension costs of underground vertical extension methods in the 24 illustrative examples.

Case
No.

Extension Cost (USD 1K)

Material Cost
Labor
Cost

Total
CostReinforcement Demolition Earthwork

Structural
Frame

Finish/Other

1 − − 997 717 857 386 2957
2 − − 870 757 857 372 2856
3 − − 1473 1179 1714 655 5021
4 − − 1282 1117 1714 617 4730
5 − − 1950 1642 2571 924 7087
6 − − 1696 1477 2571 862 6606
7 − − 2464 2104 3428 1199 9196
8 − − 2152 1840 3428 1113 8533
9 − 1082 1473 1179 1714 817 6264

10 − 1082 1282 1117 1714 779 5974
11 887 86 962 670 1714 648 4967
12 − 1082 1950 1642 2571 1087 8331
13 − 1082 1696 1477 2571 1024 7850
14 978 86 1352 1001 2571 898 6887
15 − 1082 2464 2104 3428 1362 10,440
16 − 1082 2152 1840 3428 1275 9777
17 1071 86 1784 1332 3428 1155 8857
18 − 2092 1950 1642 2571 1238 9492
19 − 2092 1696 1477 2571 1175 9011
20 1524 86 1125 670 2571 896 6873
21 − 2092 2464 2104 3428 1513 11,601
22 − 2092 2152 1840 3428 1427 10,939
23 1616 86 1558 1001 3428 1153 8842
24 2162 86 1331 670 3428 1152 8828
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As the results, the top-down with MPD method showed the lowest extension cost per extended
basement floor under the same conditions, followed by the normal top-down and the bottom-up
methods. In particular, the vertical extension cost using the top-down with MPD method, for two
basement floor extensions of the existing building with two basement floors, was approximately 76%
of that using the bottom-up method. As the number of vertically extended basement floors increased,
the difference between extension costs of the underground extension methods decreased. Unlike the
bottom-up method, the normal top-down method had relatively low extension costs for earthworks
and structural framing for temporary columns, support frames, and so on. The demolition cost for the
vertical underground extension using the top-down with MPD method was lower than those of other
two methods, but the cost of reinforcement work was additionally considered unlike other methods
due to the additional MPD installation. Also, the cost of reinforcement work was less than that of
demolition work. For vertical underground extension of an existing building with the same number of
basement floors, the extension cost per extended basement floor decreased as the number of extended
basement floors increased. For example, the costs per basement floor for vertically extending two and
three basement floors of an existing building with one basement floor were 68% and 57% of that for
extending one basement floor, respectively.

Earthwork cost of the top-down with MPD method was the lowest, followed by the normal
top-down and bottom-up methods. The difference in earthwork costs for the bottom-up and top-down
methods was related to the cost for installing temporary struts. The normal top-down method
additionally considered PRD to calculate the earthwork cost, unlike the top-down with MPD method,
while the excavation cost of the top-down with MPD method was lower than those of other methods.
Cost of structural frames of the top-down with MPD method was also the lowest, followed by the
normal top-down and bottom-up methods. Although cost for foundations of each method was the
same, cost for columns and exterior walls of the top-down with MPD method was lower than those
of other methods. The amount of newly constructed columns and exterior walls of the top-down
with MPD method was smaller than those of other two methods due to absence of demolition works.
In particular, for the normal top-down methods, H-piles were used for reinforcing existing columns.

7. Discussion and Conclusions

This paper analyzed the economic impacts of three vertical extension methods for basement
floors of existing buildings, which were the bottom-up, normal top-down, and top-down with MPDs
methods. Extension cost of the three methods to sustainably expand underground spaces of existing
buildings were calculated based on the quantity of used or demolished materials, their unit cost,
and the assumed labor cost rate. A process to select an appropriate vertical underground extension
method among them was also proposed by considering construction site conditions, such as the
number of existing basement floors of buildings and extended basement floors, and whether demolition
work is required. The top-down method with MPDs can vertically extend the underground space
using micro piles and temporary support frames without demolishing the existing basement floors of
buildings, unlike other extension methods that need to demolish the existing underground structure.
Micro piles and temporary support frames were used as reinforcement elements for existing and
extended underground space and retaining walls.

Based on the three construction methods, the number of basement floors in existing buildings,
and the number of extended basement floors, the economic impacts were analyzed by calculating and
comparing the underground vertical expansion costs of 24 illustrative examples. When an underground
space of the existing one or two basement floors exists, from the cost-oriented perspective, the existing
underground structure should be appropriately reinforced by using micro piles, and then two or more
layers should be expanded by using the underground expansion method. This might be beneficially
coordinated according to the characteristics of projects. In addition, when an underground space of
the existing three basement floors exists, the construction cost is estimated to be significant, because
the area to be enlarged when the underground vertical extension is constructed at the underground

97



Sustainability 2020, 12, 975

fourth floor is relatively small. In other words, the higher the number of underground floors of existing
buildings and the greater the number of underground vertical expansions, the more economically
advantageous the top-down with MPDs method is.

Financial analysis does not guarantee the structural stabilities of buildings with underground
spaces extended by using these construction methods. Therefore, practitioners should simultaneously
consider various issues, such as existing soil and bearing capacity of existing buildings, relevant
building regulation or codes, and policies. For example, because of soil conditions on sites, it can
be difficult to apply top-down methods or install MPD for support existing underground structures,
which are relatively more slender than other types of piles.

The proposed extension processes through considering their structural stabilities and economic
impacts help practitioners to select appropriate construction techniques and reduce costs and risks.
They will provide opportunities to sustainably and efficiently expand underground space of existing
buildings in congested urban areas without dismantling whole buildings. Consequently, it is expected
that the amount of the construction and demolition (C&D) waste generated during the demolition
phase of existing buildings and the construction phase of new buildings will be reduced. However,
the proposed process was not yet applied to actual projects. Therefore, in the future, the strengths
and weaknesses of the proposed process will be analyzed based on the implementation of sustainable
underground vertical extension methods on actual sites.
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